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ABSTRACT

MAGNETORESISTANCE ANISOTROPY AND TRANSPORT PROPERTIES
OF TUNGSTEN DITELLURIDE

Laxman Raju Thoutam, Ph.D
Department of Physics
Northern Illinois University, 2016
Dr. Zhili Xiao, Director

The quest for the materials showing high magnetoresistance values is ongoing and
scientists come up with new methods and materials to harness their vast potential in modern
electronic and sensing applications. Extreme large magnetoresistance (XMR) was recently
discovered in tungsten ditelluride (WTe2), triggering extensive research on this material regarding
the electronic properties and the origin of XMR. WTe2 being a layered compound with metal layers
sandwiched between adjacent insulating chalcogenides layers is considered to be electronically
two dimensional (2D), but the findings of this dissertation reveal interesting

three-dimensional

(3D) electronic properties with a small temperature-dependent mass anisotropy. The 3D electronic
properties are revealed by 3D scaling behavior of the resistance R(H,θ) = R(εθH) with εθ = ( cos2θ
+ γ-2 sin2θ)1/2, θ being the magnetic field angle with respect to the c-axis of the crystal and γ being
the mass anisotropy. The mass anisotropy γ has a value of 2 at high temperatures (T ≥100K) and

increases to a value of 5 as temperature is lowered and follows the magnetoresistance behavior of
the Fermi liquid state. The general scaling behavior introduced to understand the anisotropical
magnetoresistance in WTe2 can be applied to many other systems to study the angle dependence
of the magnetoresistance.
The dissertation also focuses on explaining the origin of the turn-on temperature behavior
and XMR in WTe2 based on a simple scaling behavior MR ~ (H/ρ0)m with m  2 and ρ0 being the
zero field resistivity, that is derived from the semi-classical two-band model. The scaling behavior
can be accounted for the observed temperature and the magnetic field dependence of the XMR in
WTe2 and leads to a simple quantitative expression for the resistivity ρ*  2ρ0 at the onset of XMR
behavior. The experimental results unambiguously demonstrate that the turn-on temperature
behavior is not indicative of a metal-insulator transition, but in fact of a high-quality and lowcharge carrier density sample with a small residual resistivity, high mobility of the charge carriers
and large residual resistance ratio following Kohler’s rule in a magnetic field. This work resolves
the origin of the turn-on behavior observed in several XMR materials and also provides a general
route for a quantitative understanding of the temperature dependence of MR in both XMR and
non-XMR materials.

.

NORTHERN ILLINOIS UNIVERSITY
DE KALB, ILLINOIS

DECEMBER 2016

MAGNETORESISTANCE ANISOTROPY AND TRANSPORT PROPERTIES
OF TUNGSTEN DITELLURIDE
BY

LAXMAN RAJU THOUTAM
©2016 Laxman Raju Thoutam

DISSERTATION SUBMITTED TO THE GRADUATE SCHOOL

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS

FOR THE DEGREE

DOCTOR OF PHILOSOPHY

DEPARTMENT OF PHYSICS

Doctoral Director:
Dr. Zhili Xiao

ACKNOWLEDGEMENTS

I would like to express heartfelt thanks to my advisor, Dr. Zhili Xiao, for his unwavering
support and guidance throughout the research. His passion for science had a great influence on me
about how I think about the physics, the way in which I approach an experiment and how to debug
it when something goes wrong. I thank Dr. Omar Chmaissem for the many fruitful discussions and
suggestions that he has bestowed on me during my stay at NIU. I thank Dr. Andreas Glatz for
reviewing the dissertation and giving me insightful comments. I thank Dr. Adina Luican-Mayer
for training me in the art of exfoliation and characterization of layered materials. I convey my
deepest gratitude to Dr. Yonglei Wang for his assistance in experimental setup and automation
procedures for gating experiments at NIU. I thank Dr. Saptarshi Das for his advice on sample
fabrication techniques. I thank Dr. Ralu Divan and Dr. Leonidas Ocola, staff scientists at CNM,
for their help in letting me access and utilize the nanofabrication tools. I thank NIU’s Physics
Department and Institute of Nanoscience Engineering and Technology (InSET) for the financial
assistance in pursuing my research activities both at NIU and Argonne.

Finally and most importantly I thank my family for everything. I would not be where I am
or who I am today without them.

DEDICATION

To my caring family for their endless love and support

TABLE OF CONTENTS
Chapter

Page

List of Tables .......................................................................................................................v
List of Figures .................................................................................................................... vi
CHAPTER 1 INTRODUCTION .........................................................................................1
Magnetoresistance....................................................................................................4
Structure of WTe2 ....................................................................................................7
Magneto-Transport in WTe2......................................................................................................................... 11
Turn-On Temperature Behavior in WTe2 ..............................................................18
Kohler’s Rule ........................................................................................................20
CHAPTER 2 METHODOLOGY ......................................................................................25
CHAPTER 3 SAMPLE CHARACTERIZATION ............................................................35
Magnetoresistance Anisotropy...............................................................................41
Magnetoresistance Scaling.....................................................................................45
Temperature Dependency of Mass Anisotropy .....................................................50
CHAPTER 4 ORIGIN OF TURN-ON TEMPERATURE ...............................................58
Kohler’s Rule from Two-Band Model ...................................................................70
Charge Densities and XMR ...................................................................................81
Mobilities and XMR ..............................................................................................84
CHAPTER 5 WTe2 GATING ............................................................................................88
CHAPTER 6 CONCLUSIONS .........................................................................................99
REFERENCES ................................................................................................................103

LIST OF TABLES
Table

Page

2.1 Parameters of the measured samples ..........................................................................30

LIST OF FIGURES
Figure

Page

1.1.Crystal structure of WTe2 showing different phases .....................................................8
1.2.Crystal structure of Td-WTe2 ..................................................................................................................................9
1.3.Calculated electronic structure of WTe2 ......................................................................10
1.4.Electrical resistivity and band structure of WTe2 ........................................................14
1.5.Extreme large magnetoresistance of WTe2 ..................................................................15
1.6.Resistivity of bismuth versus applied magnetic field ..................................................17
1.7.Resistivity of WTe2 versus temperature plots at various constant magnetic fields .....19
1.8.Kohler’s plot for magnesium .......................................................................................22
1.9.Kohler’s plot for MgB2 in (a)H⊥ab and (b)H//ab configuration ..................................23
2.1 WTe2 exfoliation ..........................................................................................................26
2.2 Atomic force microscope image of WTe2 ................................................................................................... 27
2.3 Pictures of sample fabrication from start to finish .......................................................28
2.4 Definition of current and voltage contacts on WTe2 flake ..........................................29
2.5 WTe2 sample A (Thickness: 284nm)............................................................................31

vii

Figure

Page

2.6 WTe2 sample B (Thickness: 60μm)..............................................................................32
2.7 WTe2 sample C (Thickness: 190nm) ...........................................................................33
2.8 WTe2 sample D (Thickness: 410nm) ...........................................................................33
2.9 Quantum Design PPMS sample rod with horizontal rotator .......................................34
3.1 Resistance versus temperature R(T) at various magnetic fields for sample C .............36
3.2 Resistance versus magnetic field R(H) at various temperatures for sample C ............38
3.3 Magnetoresistance versus magnetic field curves MR(H) in a log-log plot ..................40
3.4 Experimental configuration of the measurement system .............................................41
3.5 R(H) curves of sample C at various angles  obtained at 10K ...................................42
3.6 R(H) curves at various angles  obtained at 20K, 50K, 80K and 100K .....................44
3.7 Magnetoresistance scaling behavior at 10K ................................................................45
3.8 Magnetoresistance scaling at different constant magnetic fields at 10K .....................48
3.9 Magnetoresistance scaling at different constant temperatures at H=9T ......................49
3.10 Angle dependence of scaling factor at (a) 10K and (b) various temperatures ...........50
3.11 Temperature dependence of mass anisotropy for the sample C ................................51
3.12 Temperature dependence of mass anisotropy for the sample D ................................51
3.13 Temperature dependence of mass anisotropy for the samples C and D ....................53
3.14 Association of the mass anisotropy, XMR and Fermi liquid state for sample C .......55
3.15 Association of the mass anisotropy, XMR and Fermi liquid state for sample D.......56
4.1 Temperature dependence of the resistivity of sample A in various magnetic fields ....60

viii

Figure

Page

4.2 3D plot showing resistance versus temperature and magnetic fields of WTe2 ................. 61
4.3 MR at different magnetic fields (a) and normalized MR (b) versus temperature.........63
4.4 Kohler’s rule scaling of temperature dependence of resistivity at various
constant magnetic fields .....................................................................................................64
4.5 Temperature dependence of resistivities at 0T and 6T and their differences ..............65
4.6 Magnetic field dependence of T* for sample A ...........................................................67
4.7 Magnetic field dependence of T* for sample A ...........................................................68
4.8 Temperature dependence of minimum resistivities .....................................................69
4.9 MR (a) and Kohler’s rule (b) fit to MR for sample A ...................................................74
4.10 MR (a) and Kohler’s rule (b) fit to MR for sample B .................................................75
4.11 Modified Kohler’s rule fit to the measured MR .........................................................77
4.12 Direct fits to the two-band model for both ρxx and ρxy resistivities of sample A ........78
4.13 Derived densities of electrons and holes using the two-band model .........................79
4.14 Simulated temperature behavior of total resistivity curves at 9T magnetic field
and different values of 𝛼. ...................................................................................................83
4.15 Simulated temperature behavior of total resistivity at various magnetic fields
and with a constant value of α ...........................................................................................83
4.16 Derived mobilities of the charge carriers from the two-band model .........................85
4.17 Correlation of MR and mobilities ..............................................................................87
5.1 Optical image of a 20nm WTe2 flake ..........................................................................89
5.2 Optical image of a sample E (20nm thin flake) ...........................................................90

ix

Figure

Page

5.3 Characterization of sample E .......................................................................................91
5.4 R(H) curves of sample E at various angle θ obtained at (a)5K and (b)50K ................92
5.5 Gating results of sample E at 10K at 0T ......................................................................94
5.6 Gating results of sample E at 10K at 9T ......................................................................95
5.7 MR of sample E at 10K at 9T.......................................................................................97
5.8 Normalized MR of sample E at different temperatures ...............................................98

CHAPTER 1
INTRODUCTION

Magnetoresistance (MR), is the change of electrical resistance of the material in response
to the applied magnetic field, is an interesting property that has great impact in the magnetic
sensing industry and modern electronic devices [1]. The quest for materials possessing high
magnetoresistance values is ongoing and has lured scientists constantly to be in pursuit of new
methods and materials to attain high magnetoresistance values. Classically, the magnetoresistance
effect depends on both the strength of the magnetic field and the relative direction of the applied
magnetic field with respect to the current. The cause of the change in electrical resistance in
presence of the magnetic fields is due to the deflection of charge carriers from their usual paths
affecting the motion of charge carriers. Understanding the dynamics of charge carriers in
electromagnetic fields is crucial in analyzing the origin of magnetoresistance. MR effects are
observed both in magnetic and non-magnetic materials and the origin of this effect is distinct in
each case. MR values are usually expressed as ratio of induced magnetic field resistance to zero
field resistance. Recent progress in the field of magnetoresistance studies has revealed many
materials with high MR values that are of the order of 104% to 105%. This new magnetoresistance
is termed as extreme magnetoresistance (XMR) and is distinctively different from the giant
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magnetoresistance (GMR) and colossal magnetoresistance (CMR) discovered previously [1]. The
high value of MR leads to increased sensitivity of the devices with minimal applied magnetic field,
a property which is highly desirable in practical applications of the devices. XMR is observed in
elemental semimetals such as graphite [2, 3]; bismuth [4]; Dirac semimetals such as Na3Bi [5] or
Cd3As2 [6]; Weyl semimetals such as NbP [7], NbAs [8], or TaAs [9]; and layered semimetals
such as WTe2 [10], NbSb2 [11], or PtSn4 [12].
Among them, the recently discovered XMR in WTe2 shows a non-saturating
magnetoresistance value of 13 million percent at 0.53K at 60T magnetic field [10]. Initial studies
on this material attributed the high MR value to the perfect electron hole compensation. WTe2 is a
layered material which belongs to the family of transitional metal dichalcogenides (TMD).
Layered materials have strong in-plane (ab-axis) bonding and the layers in the vertical direction
(c-axis) are held by weak Van der Waals forces. The Van der Waals forces are considered to be
mechanical in nature and contribute little or nothing to the transport properties of the material.
These weak forces enable one to cleave the parent material into different layers with varied
thicknesses and eventually to monolayer of the atom. The simple mechanical exfoliation offers
changing the dimensionality of the material from three dimensions (3D) in the bulk to the two
dimensional (2D) at the monolayer limit. This dimensional crossover offers rich physics that needs
to be explored for its intriguing properties and excites the physicists to come up with new ideas to
harness the vast potential of layered materials at the nanoscale.
The current dissertation research focuses on the magneto-transport properties of semimetallic layered material –tungsten ditelluride WTe2. WTe2 is a layered material that has been
initially studied for thermoelectric applications in solid solutions with WSe2 and MoTe2 [13]. The
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first report on electrical transport properties of WTe2 was done by Kabashima in the year 1966 and
reported it to be a semimetal [14]. With the latest reports of unsaturated magnetoresistance on
WTe2, there has been extensive research on this material to understand the nature of charge carriers
and transport mechanism that is responsible for high magnetoresistance. WTe2 being a layered
material held with weak Van der Waals forces between the layers is expected to show anisotropic
electrical properties. The main focus of the present dissertation is to explain the origin of extreme
large magnetoresistance, elucidate and evaluate the anisotropic magnetoresistance properties, and
uncover the mystery behind the much debated

magnetic-field-driven metal insulator

transition observed in the transport properties of WTe2.
This research will significantly advance the understanding of the nature of charge carriers
in a compensated system with equal number of charge carriers and other systems which have
predominantly one type of charge carrier that show similar high magnetoresistance values. The
magnetoresistance scaling behavior introduced in this dissertation will be of great help in
understanding the anisotropic properties of many other layered materials. The research results
presented on the origin of turn-on temperature behavior observed in WTe2 can be extended to all
other XMR and non-XMR materials in understanding the temperature dependence of
magnetoresistance.
Chapter 1 introduces the relevant background knowledge needed to understand the
concepts of the magnetoresistance, magneto-transport properties of WTe2, turn-on temperature
behavior, and Kohler’s rule that are used in the dissertation to reveal the interesting

magneto-

transport properties of WTe2. Chapter 2 introduces the experimental techniques and
characterization tools that are used to probe the transport properties. Chapter 3 reveals the
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important findings of the research on the magnetoresistance anisotropy and its dependence on
temperature and introduces a scaling approach to qualitatively explain the anisotropic XMR
properties of WTe2. Chapter 4 presents the results on the origin of turn-on temperature behavior
found in WTe2 and presents a new model that explains the origin of XMR and its temperature and
field dependence and also puts forth necessary and sufficient conditions needed to observe XMR
in materials. Chapter 5 discusses the field effect gating experimental methods and results on a
20nm thin WTe2 sample. Last, the final chapter of the dissertation summarizes the results of the
research and suggestions for the future research.

Magnetoresistance

Magnetoresistance is the property of the material to change its resistance in the presence
of the applied magnetic field. Magnetoresistance has useful practical applications in modern
electronic applications like magnetic sensing and as magnetic readout heads in computer hard disk
drives [1]. The first report of magnetoresistance was done by W. Thomson in 1857 [15], where he
observed an increase in electrical resistance of iron material when magnetic field is applied along
the current direction and a decrease of resistance when magnetic field is applied opposite to the
current direction. The difference in resistance between parallel and perpendicular case is termed
as anisotropic magnetoresistance (AMR). AMR was initially only found in magnetic materials and
was only a few percent (not more than 5 %). The search for the materials with high
magnetoresistance was on and it was only in 1988 when two different research groups headed by
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Peter Grunberg [16] and Albert Fert [17] independently reported the discovery of materials
showing large magnetoresistance in multilayer systems consisting of alternating magnetic and nonmagnetic layers. The observed magnetoresistance was ten times larger than the AMR and is called
giant magnetoresistance (GMR).
The experiments were done on thin film magnetic multilayers made of Fe-Cr, where layers
of ferromagnetic (Fe) and non-magnetic materials (Cr) are stacked on top of each other to produce
a large change of magnetoresistance. The large change in the resistance is observed depending on
whether the magnetization of adjacent ferromagnetic layers is in a parallel or an anti-parallel
alignment. In recognition to their achievement, Albert Fert and Peter Grunberg were awarded
Nobel Prize in the year 2007. The discovery of GMR in magnetic multilayers has opened up a
completely new field in the study of magneto electronics and its applications. Researchers across
the world started experimenting with multitude of ways in exploiting the magnetoresistance
phenomena and their possible applications.
The next big step in this field came when Julliere [18] reported tunneling
magnetoresistance (TMR) in thin films separated by metallic and insulating layers. The
magnetoresistance changes in TMR structure exceeded the value in GMR structures over the years
and it is in the year 1993 Von Helmolt and his group discovered large magnetoresistance in the
layered magnetic perovskites where the resistance change in applied magnetic field could be
several magnitudes higher than GMR; these effects are termed as Colossal Magnetoresistance
(CMR) [19]. All these magnetoresistance effects reported changes in the resistance of the order
of a few hundred percent and suffer from sensitivity issues and require either extreme low
temperatures or high magnetic fields to achieve the high values of magnetoresistance.
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Recently, in the last few decades a new system of materials showed exceptionally high
magnetoresistance of the orders of 104 to 106 percent in many non-magnetic compounds. The first
in the list is non magnetic silver chalcogenides [20], wherein the system showed a positive
magnetoresistance of the order of 200% at room temperature and increases up to 400% as
temperature is lowered. This new magnetoresistance is many orders higher than that of CMR and
is termed as extreme large magnetoresistance (XMR). Recent reports of extreme
magnetoresistance in several non-magnetic semimetals have attracted attention due to its
distinction from giant and colossal magnetic semiconductors. Lately, XMR is discovered in a
number of seemingly unrelated materials ranging from elemental semimetals (bismuth and
graphite), layered materials (PtSn4, PdCoO2, WTe2, NbSb2), as well as the newly discovered 3D
Dirac semimetals (Cd3As2, Na3Bi,), and topological Weyl semimetals (NbP, NbAs and TaAs) have
diverse crystalline and electronic structures and yet show the property of high magnetoresistance.
The origin of XMR in each of these compounds is not the same and extensive research is been
pursued to know the insights of the charge mechanism in these compounds to unravel the mystery
of XMR.
Of all these materials, WTe2 proved to be a special candidate which shows unsaturated
quadratic magnetoresistance with a value reaching 13 million percent up to a field of 60T at low
temperatures [15]. The extreme small overlap between the bottom of conduction band and the top
of the valence band in WTe2 results in many interesting properties, like complicated Fermi surface
with multiple bands [21], extremely large magnetoresistance [15,22,23], pressure induced
superconductivity [24], and observance of Fermi arcs [25]. However, the origin of extreme large
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magnetoresistance in this system is not yet clear and initial reports reveal that this phenomenon is
due to the perfect electron hole compensation in this system. This dissertation aims to uncover the
physics behind the origin of XMR and try to qualitatively explain its evolution with temperature
and the magnetic fields.

Structure of WTe2
WTe2 belongs to the family of the layered transitional metal dichalcogenides (TMD) with
typical MX2 structure, where M is an IVB-VIB transitional metal atom (IV-B: Ti and Zr; V-B: Nb
and Ta; VI-B: Mo and W) and X refers to the chalcogenide atom (S, Se or Te) [26]. In the layered
TMD materials, metal layers are sandwiched between adjacent chalcogenide layers; this sandwich
layering structure is stacked along the c-axis of the crystal structure with weak Van der Waals
forces. In general TMD’s appear in 2H (trigonal prismatic), 1T (octahedral) and 1T’ (distorted
octahedral) crystal structure form. The electronic and physical properties of a particular type of
TMD strongly depend on its crystal structure. For example, MoTe2 in its 2H phase is a
semiconductor while its other phase MoTe2 (1T) is metallic in nature [27]. One needs to be careful
in understanding the crystal structure of the material before studying the electronic properties of a
particular type of the material. Most TMDs tend to be in 2H structure phase yielding
semiconducting-like properties that are very useful in logic and digital applications [28].
On the other hand, WTe2 differs from the regular MX2 structure and crystallizes in slightly
distorted form of common MX2 structure along the a-axis of the crystal orientation. Both 2H and
Td structures have been reported in the literature [27, 28] and the recent reports of the unsaturated
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magnetoresistance are presented on Td-WTe2 structure [10]. The crystal structure of WTe2 is
shown in the Figure 1.1. The 2H-WTe2 has hexagonal symmetry, where in the upper and lower
tellurium atoms are bonded to central tungsten atom in a trigonal prismatic arrangement similar to
that found in 2H-MoS2 and 2H-WSe2.

Figure 1.1: Crystal structure of WTe2 showing different phases [26].

The Td-WTe2 structure is similar to that of 1T-polytype, in which the upper tellurium atoms
are rotated by 1800 with respect to lower tellurium atom, forming tungsten-centered octahedral.
However in Td-WTe2, the central tungsten atom is slightly shifted by 0.87A0 in the layer plane
and 0.15A0 in the perpendicular direction (along the c-axis) from the center of the octahedron. As
a result, every second row of tungsten atoms pair in order to form zigzagged slightly buckled
chains [26]. The buckling allows the metal atoms in adjacent octahedral approach each other with
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a resulting metal distance on only 2.85A0. Each metal atom, therefore, has eight neighbors: six
tellurium atoms and two metal atoms, because the metal atom neighbors are about the same
distance from each other as the six tellurium atoms. The off-center position of the tungsten atom
together with the buckling of the tellurium layers gives the structure a definitive ribbonlike aspect
and is presumably responsible for the rodlike appearance of the Td-WTe2 crystal [29]. This shift
of the tungsten atom results from a shortened metal–metal distance in transition metal tellurides
due to strong intermetallic bonding. As a result, the tungsten atoms are unequally spaced and form
a zigzag chain along the a-axis of the crystal as shown in

Figure 1.2 below. This is the reason

why the crystals are always needle shaped, extending in one direction during the crystal growth.

WTe2

b

a

Figure 1.2: Crystal structure of Td-WTe2 [10].

In WTe2, adjacent WTe2 layers exhibit AB stacking, where each layer is rotated 1800 with
respect to each other. These changes in bonding environment result in the lowering of the lattice
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symmetry from hexagonal to orthorhombic, owing to semimetallic properties of WTe2 [29]. Also,
the electronic structure calculations show WTe2 is a semimetal, further confirming this fact [26].
The valence and conduction band barely cross each other at Fermi energy at different places of
Brillouin zone as shown in the Figure 1.3. The band calculations suggest that the there is a very
small dispersion along Γ-Z, is contrasted with large dispersion perpendicular to this direction
reflecting the quasi-two-dimensional nature of the layer compound. Since most of the occupied
bands have their maximum at or just below EF, only few bands cross the Fermi energy, which can
account for the low conductivity observed in this system. The low density of states from the small
electron and hole pockets along the Γ-Χ direction, however, favors the semi-metallic nature.

Hole pockets

Electron pockets

Figure 1.3: Calculated electronic structure of WTe2 [10].
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Magneto-Transport in WTe2

Classical transport in metals is best explained by Drude model, and according to it, the
conductivity σo and resistivity ρo of a material is given by the following expressions:
2
𝜎𝑜 = 𝑛𝑒 𝜏⁄𝑚∗

𝑎𝑛𝑑

∗

𝜌0 = 𝑚 ⁄𝑛𝑒 2 𝜏

(1.1)

where ‘n’ is the number of electrons per unit volume, and ‘m*’ is the effective mass of the charge
carriers, ‘e’ is the electron charge and ‘τ’ is the relaxation time [30]. The relaxation time ‘τ’ is
defined as the time taken by the charge carrier between successive collisions inside the material.
When the applied magnetic field is zero, electrons travel in a straight line between the collisions
and the magnetic field has only a significant effect on the conductivity if it is strong enough to
change the trajectory of the motion of the electron during its free path. The Lorentz force

“ev

× B” bends the path of electrons into helices whose axes are parallel to applied magnetic field and
the angular velocity of an electron around its axis is the cyclotron frequency and is given as
ω𝑐 = 𝑒𝐵⁄𝑚∗

(1.2)

The deflection of the electron path due to magnetic field is ‘ωcτ’, and unless ωcτ > 1, no
significant magnetoresistance is observed.

In the year 1928, Kapitza reported the first

experimental evidence of the magnetoresistance in bismuth at low temperatures and high magnetic
fields [31]. The observance of high magnetoresistance in bismuth is attributed to the fact of charge
compensation; i.e., equal number of holes and electrons are present in the system. Similar reports
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were presented on graphite, a semimetal in which valence band narrowly overlaps the conduction
band and a perfect graphite material has equal number of holes and electrons [30]. Elemental
semimetals like bismuth and graphite show high magnetoresistance due to their low carrier density,
equal number of charge carriers and high purity [32]. Because of the presence of small number of
charge carriers, magnetic fields on the order of 10T are sufficient to drive these semimetals into
ultra-quantum regime, where only the lowest Landau level remains occupied [33]. In addition,
light cyclotron masses m* for any field orientation in bismuth and the c-axis in graphite result in
higher cyclotron frequencies, which ensure that quantum magnetoresistance oscillations can be
observed at moderate temperatures [32]. The magnetoresistance is much larger in semimetals than
in conventional metals due to the presence of high scattering rates in conventional metals and thus
smaller values of the ωcτ product. The impurity scattering rate in semimetals is smaller than in
conventional metals simply because semimetals are typically much cleaner materials. The lower
carrier density of semi-metals also reduces the rate of electron–phonon scattering in semimetals
compared to that of conventional metals [32]. Based on a two-band model, with equal number of
electrons and holes in the material, the transverse magnetoresistance of a material is proportional
to the square of the applied magnetic field.
WTe2 shares the similar transport properties of semimetals like bismuth having metallic
temperature dependence, high non-saturating magnetoresistance based on the condition of having
equal number of density of electrons, and holes in the system. The fewer number of charge carriers
present in WTe2 also makes the system readily accessible to show high

magnetoresistance

values at experimental accessible temperature and magnetic field ranges. The magnetoresistance
in the elemental semimetals bismuth and graphite is sufficiently explained by the classical two-
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band conductivity model [10]. In the two-band model, the complex resistivity of the material is
given by

𝜌(𝑇, 𝐻) =

1 + 𝜇𝑒 𝜇ℎ 𝐻 2 + 𝑖(𝜇ℎ − 𝜇𝑒 )𝐻
𝑒[𝑛𝑒 𝜇𝑒 + 𝑛ℎ 𝜇ℎ + 𝑖(𝑛𝑒 − 𝑛ℎ )𝜇𝑒 𝜇ℎ 𝐻]

(1.3)

where ne= density of electrons
nh= density of holes
e= charge of electron
µe= mobility of the electron
µh= mobility of the hole
H=applied magnetic field

The real part of the above equation gives longitudinal resistivity (ρxx) and the imaginary
part of the equation gives transverse resistivity (ρxy):

(𝑛𝑒 𝜇𝑒 + 𝑛𝑝 𝜇ℎ ) + (𝑛𝑒 𝜇𝑒 𝜇ℎ 2 + 𝑛𝑝 𝜇𝑒 2 𝜇ℎ )𝐻 2
𝜌𝑥𝑥 (𝑇, 𝐻) =
𝑒[(𝑛𝑒 𝜇𝑒 + 𝑛ℎ 𝜇ℎ )2 + (𝑛ℎ − 𝑛𝑒 )2 𝜇𝑒 2 𝜇ℎ 2 𝐻 2 ]

(1.4)

(𝑛𝑝 𝜇ℎ 2 − 𝑛𝑒 𝜇𝑒 2 )𝐻 + 𝜇𝑒 2 𝜇ℎ 2 (𝑛𝑝 − 𝑛𝑒 )𝐻 3
𝑒[(𝑛𝑒 𝜇𝑒 + 𝑛ℎ 𝜇ℎ )2 + (𝑛ℎ − 𝑛𝑒 )2 𝜇𝑒 2 𝜇ℎ 2 𝐻 2 ]

(1.5)

𝜌𝑥𝑦 (𝑇, 𝐻) =

The magnetoresistance (MR) of a material is defined by the following expression:
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𝑀𝑅 =

𝜌𝑥𝑥 (𝐵) − 𝜌𝑥𝑥 (0)
𝜌𝑥𝑥 (0)

(1.6)

The transport properties of the layered material WTe2 were first studied by Kabashima,
who reported that it is a layered material with semimetallic transport properties and the transport
properties are greatly affected by the presence of multiple Fermi pockets [14]. As per him, the
resistivity of the material follows metallic behavior, i.e., resistivity decreasing with decreasing
temperatures, and the band diagram indicates the presence of more than one type of charge carrier,
as shown in Figure 1.4. The three kinds of carriers, namely electrons, heavy holes and light holes,
contribute to the conduction process. The excess heavy holes only exist at low temperatures and
the light holes affect conduction mechanism only at high temperatures.

Figure 1.4: Electrical resistivity and band structure of WTe2 [14].
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These early reports on WTe2 suggested that it is a semimetal and has more than one type
of charge carrier contributing to the transport properties. The dynamics and the characteristics of
the charge carriers versus temperature and the magnetic fields were not studied up until recently.
M. N. Ali recently studied the transport properties of WTe2 and reported an extremely large
positive magnetoresistance of up to 452,700% at 4.5K in an applied field of 14.7T when the current
direction is along the a-axis of the crystal and the magnetic field is perpendicular to the
chalcogenides layers along c-axis [10]. The measured magnetoresistance in this case is increasing
in proportion to the square of the applied magnetic field. This is the first material that showed this
phenomenal high magnetoresistance values without any signs of saturation up to the highest
measured magnetic field, as shown in the Figure 1.5.

Figure 1.5: Extreme large magnetoresistance of WTe2 [10].
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The unsaturated magnetoresistance in WTe2 can be explained by two-band model with
equal number of electrons and hole carriers in the material. From Eq. (1.3), if ne=nh, we have

𝜌(𝑇, 𝐻) =

1 + 𝜇𝑒 𝜇ℎ 𝐻 2 + 𝑖(𝜇ℎ − 𝜇𝑒 )𝐻
𝑒[𝑛𝑒 𝜇𝑒 + 𝑛ℎ 𝜇ℎ ]

(1.7)

Considering only the real part of the equation, longitudinal resistivity is given as

𝜌𝑥𝑥 (𝑇, 𝐻) =

𝜌𝑥𝑥 (𝑇, 𝐻) =

1 + 𝜇 𝑒 𝜇ℎ 𝐻 2
𝑒[𝑛𝑒 𝜇𝑒 + 𝑛ℎ 𝜇ℎ ]

1
𝜇𝑒 𝜇ℎ 𝐻 2
+
𝑒[𝑛𝑒 𝜇𝑒 + 𝑛ℎ 𝜇ℎ ] 𝑒[𝑛𝑒 𝜇𝑒 + 𝑛ℎ 𝜇ℎ ]

𝜌𝑥𝑥 (𝑇, 𝐻) = 𝜌0 (𝑇, 𝐻) + 𝜌0 (𝑇, 𝐻)𝜇𝑒 𝜇ℎ 𝐻 2
𝜌𝑥𝑥 (𝑇, 𝐻) = 𝜌0 (𝑇, 𝐻)[1 + 𝜇𝑒 𝜇ℎ 𝐻 2 ]
[𝜌𝑥𝑥 (𝑇, 𝐻) − 𝜌0 (𝑇, 𝐻)]
= 𝜇𝑒 𝜇ℎ 𝐻 2
𝜌0 (𝑇, 𝐻)
𝑀𝑅 = 𝜇𝑒 𝜇ℎ 𝐻 2

(1.8)

As long as the resonance is maintained, i.e., perfect electron hole compensation, the
material’s magnetoresistance increases as the square of the applied magnetic field. WTe2 happens
to be the first material which shows the resonance effect of charge carriers even at high magnetic
fields. This behavior is quite different from bismuth where magnetoresistance also shows square

17

dependence up to a particular magnetic field and then saturates to a field independent value as
shown in Figure 1.6. The reason being in bismuth, the density of the charge carriers varies in the
presence of the magnetic field, deviating from the perfect electron hole compensation and thus
shows a saturating behavior of magnetoresistance [34], unlike WTe2, where the charge carrier
density is fairly independent of the applied magnetic field, maintaining perfect charge
compensation.

Figure 1.6: Resistivity of bismuth versus applied magnetic field [34].

The MR effect in bismuth, graphite and WTe2 is due to the ordinary magnetoresistance
caused by the curving of carrier trajectories in presence of a magnetic field. The size of this effect
is determined by “ωcτ”, where ωc (= eH/m*c) is the cyclotron frequency and τ is the relaxation time
(proportional to the mean free path). At a given magnetic field H, the values of ωc and τ are the
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intrinsic property of the material. The larger these values, larger is the observed MR. For example,
semimetal bismuth has very small effective mass m* compared to regular materials, and ωc is about
two orders of magnitude larger. The value of the relaxation time and the mean free path is
dependent on the crystal quality. In evaporated and sputtered bismuth thin films, the grain sizes
are small and thus show small MR values when compared to crystals grown using electrodeposited
films and MBE grown films, which show larger MR values [35]. From the above discussion, the
observance of large MR demands the high quality of the sample.

Turn-On Temperature Behavior in WTe2
Another interesting feature observed in transport properties of WTe2 is the up-turn
resistance behavior in the presence of the magnetic fields; i.e., resistance of WTe2 follows zero
field curve until a certain point and then starts to increase to higher values as temperature is
lowered, which is shown in Figure 1.7. The temperature at which turn-on behavior occurs is
defined as turn-on temperature T*. It can also be defined as a resistive minimum point in the
resistance curve below which the resistance starts to increase significantly. The turn-on
temperature point increases to higher values as the amount of applied magnetic field is increased.
The origin of the upturn behavior of the resistivity is considered due to the magnetic-field-induced
metal insulator transition [11,36-41]. However, there are no conclusive or experimental reports in
the literature that confirm this reasoning.
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Figure 1.7: Resistivity versus temperature plots at various constant magnetic fields [10].

The upturn resistive behavior is not new and is observed previously in semimetals like
graphite and bismuth [32], which also show high magnetoresistance values. In graphite, the quasiparticle behaves as massless Dirac fermions due to their extreme low effective masses and linear
dispersion of energy bands. Theoretical analysis suggests that the applied magnetic field opens an
insulating gap in the spectrum of Dirac fermions of graphite below a transition temperature, which
is an increasing function of the field. This excitonic gap makes the material behave as an insulator
at low temperatures. In fact, Khveschchenko [40] used the same explanation and derived a
relationship between the turn-on temperature and the applied magnetic field and is given as
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𝑇 ∗ = (𝐵 − 𝐵0 )1/2

(1.9)

where T* = turn-on temperature
B= critical field required to obtain turn-on behavior
B0= offset field

Kohler’s Rule
The temperature and the field dependence of the magnetoresistance of the many materials
are explained by the Kohler’s rule [42]. Kohler’s rule points out that the deviation of the resistivity
from the zero field resistivity satisfies the following formula
∆𝜌
𝐻
= 𝐹( )
𝜌0
𝜌0

(1.10)

where F represents a function that depends on the material properties and depends on relative
orientation of the current, magnetic field, and the crystalline axes. In the above equation H/ρ0 is a
combined quantity and the expression

∆𝜌
𝜌0

is the magnetoresistance (MR) of the material. The

physical reasoning behind the Kohler’s rule is understood in terms of scattering parameters, which
are affected by the presence of external magnetic fields. A magnetic field applied transverse to the
current directions causes the electrons to move along a circular or helical orbit due to Lorentz
force. The ratio of the magnetic field to the resistivity depends on how many times the electrons

21

go around the orbit between collisions. This number is approximately the ratio of the electronic
mean free path l to the orbit radius. For a free electron:

𝑀𝑒𝑎𝑛 𝑓𝑟𝑒𝑒 𝑝𝑎𝑡ℎ

𝑂𝑟𝑏𝑖𝑡 𝑟𝑎𝑑𝑖𝑢𝑠

𝑇ℎ𝑒 𝑟𝑎𝑡𝑖𝑜

𝑙=

𝑟 =

𝑚𝑣
𝑒 2 𝑛𝜌0
𝑚𝑣
𝑒𝐻

𝑙 𝐻 1
=
𝑟 𝜌0 𝑛𝑒

(1.11)

It is obvious from the above expression that Kohler’s rule measures the ratio of mean free
path of the charge carrier to the orbital radius of the charge carrier in presence of the external
magnetic field. Kohler’s rule is applicable for conventional metals having a single species of
charge carriers and the scattering time τ is same at all points on the Fermi surface. The resistivity
in zero magnetic field is proportional to the inverse of scattering time through the relation 𝜌0 =
𝑚∗⁄
𝑛𝑒 2 𝜏 as long as the charge density is constant and has no temperature dependence. The simple
Kohler’s rule in Eq. (1.10) is valid for only single-band system and is violated for materials that
show multi-band effect. If the Kohler’s rule is obeyed, magnetoresistance curves measured at
different temperatures follow the same behavior and collapse onto a single curve as shown in the
Figure 1.8 for the elemental metal magnesium [43]. The plot below shows that the
magnetoresistance behavior of magnesium measured at different temperatures follows the same
behavior and they fall on a single curve as predicted by Kohler’s rule.
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.
Figure 1.8: Kohler’s plot for magnesium [43].

In a multi-band system, the presence of more than one type of charge carrier and the
different temperature dependence of the scattering times in different bands makes the material’s
isothermal magnetic curves not to follow a universal behavior. For example, MgB2 having multiple
conduction bands violates the Kohler’s rule as depicted the Figure 1.9. The plot shows
magnetoresistance curves measured at different temperatures in H⊥ab and H//ab configurations
that do not overlap. This is the consequence of multiple bands having different relaxation times,
which depend differently on temperature due to different electron-phonon coupling [44].
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Figure 1.9: Kohler’s plot for MgB2 in (a)H⊥ab and (b)H//ab configuration [44].

To have a comprehensive understanding of Kohler’s rule and to apply the same for multiband systems, Noto and Tsuzuku modified the Kohler’s rule and verified experimentally its
applicability to graphite, a semimetal with two types of charge carriers [45]. The modified Kohler’s
rule is given as

∆𝜌
= 𝐹(𝜇̅ 𝐻 )
𝜌0

(1.12)

where 𝜇̅ is the geometric mean of the electron and hole mobilities, i.e., 𝜇̅ = √𝜇𝑒 𝜇ℎ .
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The above modified Kohler’s rule can be conveniently derived from the simple two-band
model, in which, for a compensated metal, the magnetoresistance was given by Eq. (1.6):

𝑀𝑅 =

[𝜌𝑥𝑥 (𝑇, 𝐻) − 𝜌0 (𝑇, 𝐻)]
= 𝜇𝑒 𝜇ℎ 𝐻 2
𝜌0 (𝑇, 𝐻)

The expression to the left in the above equation is in fact the change in resistivity due to
the magnetic field to zero field resistivity which is the same quantity in Kohler’s rule. Thus, we
have
∆𝜌
= 𝐹(𝜇𝑒 𝜇ℎ 𝐻 2 )
𝜌0
∆𝜌
= 𝐹(𝜇̅ 𝐻)2
𝜌0

which is the modified Kohler’s rule reported by Noto and Tsuzuku. By incorporating mobility
parameter into the function, temperature-dependent changes in the magnetoresistance can be
scaled as long as the charge density of the system is constant. The modified Kohler’s rule and its
variations are employed to analyze the magnetoresistance data of various metals with two types of
charge carriers[46], pseudogap phase of under-doped cuprates [47], quasi-one-dimensional metals
[48,49], topological semimetals [50] and more recently some of the Dirac metals.

CHAPTER 2

METHODOLOGY

All of the sample fabrication for the dissertation study was done at cleanroom facility of
the Center for Nanoscale Materials, Argonne National Laboratory. The work was done on both the
exfoliated flakes and on the bulk samples of WTe2. The bulk samples were grown using chemical
vapor transport method and were provided by our collaborator, Dr. Jiang Wei’s group, at Tulane
University using a similar process described in [10, 14, 22]. Making electrical contacts to bulk
sample is easy and can be achieved using silver paste and gold wires. However, electrical contacts
to exfoliated flakes require microfabrication tools to achieve good contacts. The remainder of this
chapter will explain the fabrication steps involved for the exfoliated flakes.
The commercial WTe2 crystal was purchased from HQGraphene, Netherlands [51]. As
WTe2 is a layered system, it can be easily cleaved to thin layers and even to the monolayer by
micromechanical exfoliation technique, similar to that of graphene [52,53]. Initially, a piece of
WTe2 is repeatedly pressed against the Scotch tape and then finally the scotch tape is pressed onto
the silicon substrate with a 300nm oxide layer on top of it. An example of WTe2 exfoliation on the
substrate can be seen in the Figure 2.1., where different-colored flakes can be seen with different
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sizes and shapes. Different color corresponds to different thicknesses of WTe2 flakes. Flakes
thicker than 30nm are usually yellow in color, green-colored flakes correspond to 20nm in
thickness and monolayer. bilayer and tr layer are usually more transparent in color.

Figure 2.1: WTe2 exfoliation.

The sample is then inspected under an optical microscope to find suitable flakes of desired
shape and sizes. Care is taken in choosing the flakes which do not have any atomic steps or
discontinuities on the surface of the flake. Once the flake of desired shape is chosen, atomic force
microscope (PSIA Park Scientific XE HDD Scanning Probe Microscope) was used to determine
the thickness of the flake and the AFM result of one such flake is shown in Figure 2.2
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Figure 2.2: Atomic force microscope picture of WTe2.
Optical lithography is employed to define electrical contacts onto the flake chosen. Six
probe configurations are employed on all the flakes for the transport measurements. Initially a
layer of Shipley 1813 photoresist is spun onto the sample at 3000 rpm for 1 minute using
Headaway spinner. The sample is then baked at 1100C to remove any organic components present
in the resist. The sample is then loaded into the Laser Writer 405 system for lithography using the
laser energy to expose the resist. The Laser Writer System 405 facilitates for viewing the flakes
optically without exposing the resist. This gives a unique advantage in accurately defining and
positioning of the electrical contacts to the flake. Once the sample is exposed to laser energy with
desired parameters, the sample is developed in diluted Microposit 351 developer (1 part of
developer to 3 parts of water) for 35 seconds to remove the exposed resist and then 15 seconds in
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distilled ionized water to remove any traces of the remaining developer present on the sample. The
sample is seen under the optical microscope and then put into the electron beam deposition for
contact deposition. Typically 10 nm titanium/300-500 nm of gold (depending on the flake
thickness) is deposited as metal contacts to WTe2. Once the metal is deposited, the sample is kept
in 1165 photoresist remover at 750C for 1 hour for lift off.
Figures 2.3 and 2.4 depict the process flow of sample fabrication from start to finish. The
current flows along the a-axis of the exfoliated flake and the magnetic field is always applied
perpendicular to the current (along the c-axis, perpendicular to the sample surface).

a
a
a

c

ab

d

Figure 2.3: Pictures of sample fabrication from start to finish.
(a): Exfoliated WTe2 flake on the silicon substrate (b): Patterned WTe2 flake after the developing.
(c and d): WTe2 flake with contacts deposited.

29

Figure 2.4: Definition of current and voltage contacts on WTe2 flake.

Many samples have been studied in the research and the material parameters from four
such samples and their information are listed in Table 2.1.
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Table 2.1: Parameters of the measured samples

Crystal source

Home growth

Home growth

Commercial

Commercial

Sample #

A

B

C

D

Thickness (μm)

0.284

60

0.190

0.410

5.66

560

13.40

24

3.76

700

12.60

16

3.80

N/A

6.50

11.9

2.73

3.36

6.91

10.6

1.92

1.90

1.85

1.88

25

85

30

41

5.3±0.7

N/A

4.4±1.3

4.2±1

Width
(μm)
Separation of
Vxx-leads
(μm)
Separation of
Vxy-leads
(μm)
Resistivity
xx at 4K
(cm)
m


m

(cm/T)

Charge Carrier
Densities
ne, nh
(1025/m3)
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Sample A:
Sample A is an exfoliated flake and is fabricated using the microfabrication methods at
Argonne’s Center for Nanoscale Materials. It is exfoliated from the crystal grown using chemical
vapor transport method and the optical image of the sample A is shown in Figure 2.5. It is a

six-

probe sample and simultaneous longitudinal and hall measurements are made using Quantum
Design PPMS.

Figure 2.5:WTe2 sample A (Thickness: 284 nm).

Sample B:
Sample B is a bulk crystal extracted from the crystal grown using chemical vapor transport
method similar to that described in the literature [10,14,22]: a mixture of stoichiometric W and Te
powders was sealed into an evacuated quartz tube with transport agent Br2. The quartz tube was
then placed in a double-zone furnace with temperature gradient of 100ºC between

750ºC and
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650ºC. Large single crystals of millimeter size were obtained after one week. Silver paste is used
to make four probe connections onto the sample as shown in Figure 2.6.

Figure 2.6: WTe2 sample B (Thickness: 60 μm).
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Sample C:
This sample is exfoliated from the commercial bought crystal from HQgraphene Company
using the Scotch tape method. The sample preparation is done inside the cleanroom using optical
lithography and the contact metals titanium/gold are deposited using electron beam deposition.
The sample is a six-probe device enabling Rxx and Rxy measurements (Figure 2.7).

Figure 2.7: WTe2 sample C (Thickness: 190nm).
Sample D:
This sample is same as sample C except for the difference in thickness (Figure 2.8).

Figure 2.8: WTe2 sample D (Thickness: 410nm).
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The Quantum Design Physical Property Material System (PPMS) at Northern Illinois
University enables the standard four-probe DC setup for transport measurements at different
temperatures. The temperature of the system can be varied from 300K to 2K and the temperature
stability of the system is always maintained ±2mK during the measurements. The magnetic field
is always applied perpendicular to the sample surface and is always perpendicular to the current
direction. The maximum field that can be reached in this system is ±9T. With the horizontal rotator
option, the sample’s surface position can be varied with the applied magnetic field from -100 to
3700 and the resolution as high as 0.050, enabling the angle-dependent measurements. The PPMS
insert rod used to load samples inside the PPMS is shown in Figure 2.9.

Figure 2.9: Quantum Design PPMS sample rod with horizontal rotator.

CHAPTER 3
SAMPLE CHARACTERIZATION

The samples are characterized for magneto-transport using Quantum Design PPMS. The
sample is mounted onto a PPMS sample holder using GE varnish, and connection from the sample
to the sample holder is made using a wire bonder. The resistance of the sample is measured by
varying temperature, magnetic field and the position of the sample with respect to the applied
magnetic field. The following sections explain qualitatively the temperature, field and angle
dependence of the WTe2 transport properties.
The temperature dependence of the resistance of the sample C when the magnetic field is
applied perpendicular to the ab plane of the crystal is presented in Figure 3.1. The data is averaged
over positive and negative magnetic fields to remove any possible mixing of longitudinal and hall
resistance in the final data. Also, to minimize the temperature variations during measurements, the
temperature dependent data is extracted from RH data (resistance obtained by sweeping magnetic
field from -9T to 9T at different constant temperatures with a step of 1K from 2K to 200K).
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The sample shows clear metallic behavior at zero field; resistance decreases with
decreasing temperatures. As we increase the magnetic field, we can see a change in the sample’s
resistive behavior; i.e., the sample shows metallic like behavior at high temperatures and changes
to insulating like behavior at low temperatures. This behavior is consistent with the reports listed
in the literature [10,21,36,37,54].

1

R ()
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300

Figure 3.1: Resistance versus temperature R(T) at various magnetic fields for sample C.

The sample follows metallic-like behavior until a certain temperature and then resistance
starts to increase with decreasing temperature. The upturn point at which the sample’s behavior
changes from metallic-like to insulating-like is called turn-on temperature “T*”. The turn-on
temperature point is also defined as resistance minimum point beyond which resistance starts to
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increase again with decreasing temperature. (The analysis of the turn-on temperature will be
explained in much detail in Chapter 4). The data also shows that the effect of
magnetic-field-induced resistance change increases with decreasing temperature and increasing
fields.
Figure 3.2 shows the magnetic field dependence of the resistance data at different constant
temperatures. The data clearly shows the amount of magnetic-field-induced change of resistance
is larger at low temperatures 10K (MR=405%) and its effect decreases as temperature is raised
150K (MR=113%). This shows that value of MR is high at low temperatures and its absolute value
decreases as temperature rises. The decrease in the magnetoresistance as temperature increases can
be understood by the fact that the compensation of charge carriers breaks down at higher
temperature, as revealed by I. Pletikosic in their angle-resolved photoelectron spectroscopy
experiments [23]. Additionally, there are also reports on the presence of temperature-induced
Lifshitz transition in WTe2 which is also detrimental in shaping the Fermi surface of charge carriers
affecting

the

charge

compensation

mechanism

responsible

for

observed

quadratic

magnetoresistance [55]. Also, we can notice that the magnetoresistance depends on the applied
magnetic field in a quadratic behavior and shows no signs of saturation up to the highest
experimentally achieved value of 9T in our measurement system. The quadratic field dependence
stems from the fact that perfect compensation of charge carriers is maintained in WTe2.
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Figure 3.2: Resistance versus magnetic field R(H) at various temperatures for sample C.
This quadratic rise was also earlier seen in other systems like Mg, Zn, Bi and graphite, all
of which exhibit high magnetoresistance, although with saturation at high fields. The saturation in
these systems at high fields is due to the breaking of charge compensation and the
magnetoresistance saturates to a field independent value [30,34,56,57]. Perfect charge
compensation is very hard to achieve in these systems as it requires extreme pure sample quality.
Any slight deviations would lead to non-uniform charge distribution resulting in saturation of
magnetoresistance. However, WTe2 is the first material that tends to have less stringent conditions
in sample making to obtain high crystal quality that retains charge compensation maintaining
perfect balance of charge carriers leading to non-saturating quadratic magnetoresistance.
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The quadratic field dependence behavior of the resistance data can be fitted using a power
law:
𝑀𝑅 ≈ 𝐻 𝑛

(3.1)

where MR (magnetoresistance) defined as ratio of change in induced magnetic field resistance over
zero field resistance:

𝑀𝑅 =

𝑅(𝐻) − 𝑅(0)
𝑅(0)

(3.2)

and ‘n’ is a constant close to 2. The power law fitting to the experimentally obtained data can be
seen in Figure 3.3, where the magnetoresistance is plotted against applied magnetic field in a loglog plot. The symbols in the plot are the experimentally obtained values and the solid lines are the
fits to the equation using ‘n’ as a parameter. The fitting parameter n varies from a value of 1.82 at
10K to 1.7 at 150K. The fact that n is close to 2 at low temperature indicates nearly perfect electron
hole compensation and the compensation breaks down as temperature is increased due to thermal
expansion of the crystal. The power law holds good for all the measured temperatures and the
magnetoresistance shows no signs of saturation.

MR (%)

40

10

4

10

3

10

2

10

1

10

0

10

-1

10

-2

10K
80K

0.1

30K
100K

50K
150K

1
H (T)

10

Figure 3.3: Magnetoresistance versus magnetic field curves MR(H) in a log-log plot.
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Magnetoresistance Anisotropy
As WTe2 is a layered system, with metallic tungsten atoms sandwiched between adjacent
insulating tellurium layers, one expects the system to possess anisotropical electrical properties.
To study the anisotropy of the WTe2, angle-dependent magnetic field data R(H,θ) at various
constant temperatures is studied. The experimental configuration of the measurement system is
shown in Figure 3.4., where the magnetic field is swept in a field perpendicular to the current flow
from θ=00 (field parallel to c-axis of the crystal) to θ=900 (field parallel to ab-plane of the crystal).
By choosing a particular constant temperature T=10K, resistance data is obtained by varying the
magnetic field angle ‘θ’ with respect to the c-axis of the crystal. Figure 3.5 shows the angledependent magnetic-field-induced resistance data of the sample C at 10K and it clearly shows the
anisotropic behavior. We see a large change of the resistance when θ=00 (magnetic field parallel
to c-axis) and the amount of induced change in the resistance decreases as we move away from
the c-axis of the crystal.

c-axis


H

b-axis

a-axis(current-I)

Figure 3.4: Experimental configuration of the measurement system.
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Figure 3.5: R(H) curves of sample C at various angles  obtained at 10K.

Although the resistance anisotropy at T = 10 K presented in Figure 3.5 is qualitatively
consistent with those reported in literature [10,36], the obvious magnetic field dependence of the
resistance at  = 90 (H//b axis) contradicts that expected for a 2D system in which only the
perpendicular component Hcos should contribute to the magnetoresistance [10,36]; i.e., R should
not change when the applied magnetic field is parallel to ab-axis of the crystal at  = 90. For a
two-dimensional (2D) system, one expects the angle-dependent magnetic field resistance to be
following “Hcosθ” behavior, i.e., maximum change in the resistance when θ=00 and no change
when θ=900. The data clearly shows that resistance is dependent on the applied magnetic field
even at θ=900 and is increasing as the field increases, contradicting the 2D charge conduction
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behavior in the system. The change of resistance at θ=900 reveals that WTe2 is in fact electronically
three-dimensional (3D) material, with charge conduction process happening both in plane and out
of the plane directions.
To further confirm this behavior, angle-dependent magnetic field resistance data at
different constant temperatures is presented in Figure 3.6 and at all measured temperatures the data
shows the similar behavior, revealing the three dimensionality of the charge conduction behavior
in this system. Figure 3.6 reveals the change of the magnetoresistance at each representative
temperature as the magnetic field is swept from 0T to 9T at various magnetic field angles θ=00,
300, 400, 500, 600, 700 and 900. The relative change in the increase of the magnetoresistance at
θ=900 increases as temperature increases, revealing that the anisotropy is temperature dependent.
The three dimensionality of the charge carriers in WTe2 reveals a completely rare phenomenon of
charge conduction between the weakly coupled Van der Waals layers. The result clearly puts a
question on the fact that the assumption of Van der Waals forces being mechanical in nature and
has little or no effect on the electronic transport of the material properties. The nature and
properties of these forces in layered materials needs to be studied more to understand the electronic
properties of many TMDs at the few layer limit that show interesting physics at the nanoscale.
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Figure 3.6: R(H) curves at various angles  obtained at 20K,50K,80K and 100K.

The analysis of angular magnetoresistance reveals many interesting features of the Fermi
surface of a material. The fact that there is charge conduction in c-axis of the WTe2 confirms the
presence of the 3D Fermi surface for a typical 2D-layered material like WTe2. The anisotropy
results presented here are further confirmed by many other research groups revealing the 3D
electronic structure of this system [21,55].
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Magnetoresistance Scaling
To study the angle-dependent magnetoresistance in WTe2 more detail, all the R(H) curves
at different angles and at a fixed temperature are scaled onto a single R(H,00) with a field scaling
factor ‘εθ’. The scaling of the magnetoresistance data at 10K for the sample C is shown

Figure

3.7. The inset shows the constant scaling factor ‘εθ’ used to scale the angle-dependent data at a
particular angle to be scaled on to R(H,00) data.
The scaling function is defined as follows:
𝑅(𝐻, 𝜃) = 𝑅(𝜀𝜃 𝐻)

(3.3)

𝜀𝜃 = ( 𝑐𝑜𝑠 2 𝜃 + 𝛾 −2 𝑠𝑖𝑛2 𝜃)1/2
where ‘γ’ is a constant defined as ratio of effective masses in c-axis to ab plane;
‘θ’ is the angle between the magnetic field and c-axis of the sample.
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Figure 3.7: Magnetoresistance scaling behavior at 10K.
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The scaling behavior in WTe2 can be used to accurately predict the values of the
magnetoresistance at a particular angle if the magnetoresistance at R(H,00) is precisely known. The
above scaling behavior resembles that proposed for understanding the anisotropic properties of
high-temperature (high-Tc) superconductors [58]: the angle dependence of an anisotropic quantity
Q(H,) has the scaling behavior Q(H,) = Q(H), where H is the “reduced magnetic field” and
𝜀𝜃 = (𝑐𝑜𝑠 2 𝜃 + 𝛾 −2 𝑠𝑖𝑛2 𝜃)1/2 reflects the mass anisotropy, with 2 being the ratio of the effective
masses of electrons moving in directions of  = 0 and 90. In the semi-classical model, the
resistance R of a material is directly related to the mobility of the charge carriers through the
relations
𝑅=

1
𝑛𝑒𝜇

(3.4)

where  = em*, with m* being the effective mass, the relaxation time, and e the electron charge.
Thus, the anisotropy of the effective mass is expected to play a critical role in the
anisotropic magnetoresistance. For example, using a two-band model, Noto and Tsuzuku [59]
theoretically obtained the angle dependence of the magnetoresistance (MR) for graphite as

𝐴(𝜀𝜃 𝐻)2
𝑀𝑅 =
[𝐵 + 𝐶(𝜀𝜃 𝐻)2 ]

(3.5)

where A, B, and C are constants and 𝜀𝜃 = (𝑐𝑜𝑠 2 𝜃 + 𝛾 −2 𝑠𝑖𝑛2 𝜃)1/2 , with  and X = 12.1
being the Fermi surface anisotropy kz/kx [59,60]. Since X can also be described as X2 = m///m,
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where m// and m are the effective masses parallel and perpendicular to the c-axis [61], the theory
developed to account for the angle dependence of the magnetoresistance in graphite is consistent
with the general scaling rule for anisotropic superconductors and can be directly applied to
understand the observed scaling behavior in Eq. (3.3) for WTe2. That is, the value of ‘’ obtained
in our resistance scaling reflects WTe2’s Fermi surface anisotropy.
The scaling behavior for R(, H) curves indicates that the resistances obtained at different
angles but at the same effective field H should be equal. The change of the resistance R(, H)
with angle  at a fixed field H is due to the change of effective field H. Thus, we can use the
R(H) curve at a specific angle to derive the R() curve at a fixed field. For example, the value at a
field H0 of the R(H0) curve at  = 0 should be the same as that of the R() curve at

𝜃 = arccos{

𝐻0⁄ 2
𝐻 ) − 1] 1/2
}
(𝛾 2 − 1)

[𝛾 2 (

(3.6)

obtained at a fixed field H since in both cases the effective fields are the same, i.e., H0 = H.
Obviously, the effective field at H0 = H/ and  = 0 equals to that at H and  = 90. This means
that the R(H0) curve at fields H0 between H/ and H can be used to derive the R() curve obtained
at a fixed field H between  = 90 to 0 if the above conversion from H0 to  is applied. We
confirmed this scaling by comparing the R() curves derived from the R(H0) curve at  = 0 with
the directly measured values. The field-dependent and temperature-dependent angular
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magnetoresistance results for sample C are shown in Figures 3.8. and 3.9 respectively. The
symbols represent the directly measured data and the solid curves are derived from the R(H0) curve
at  = 0 at the same temperature. For all the derivation of R() from the R(H0) curve at

 = 0

we used the same ‘’ obtained by fitting the scaling factors  with (𝑐𝑜𝑠 2 𝜃 + 𝛾 −2 𝑠𝑖𝑛2 𝜃)1/2 .
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Figure 3.8: Magnetoresistance scaling at different constant magnetic fields at 10K.
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Both the plots shows a high value of resistance at  = 0 (field parallel to c-axis) and the
resistance decreases as it moves towards  = 90 (field parallel to ab-axis). The excellent fitting of
the magnetoresistance data with the 3D scaling model further confirms the 3D electronic
conduction behavior of the WTe2.
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Temperature Dependency of Mass Anisotropy
The dependency of mass anisotropy on the temperature can be deduced from the 3D scaling
behavior of WTe2. Figure 3.10(a) shows the experimentally obtained field scaling factor ‘𝜖𝜃 ’
values from the angle-dependent magnetoresistance curves at 10K for sample C. It is obvious that
‘𝜖𝜃 ’ is maximum when the applied magnetic field is parallel to the c-axis and decreases as it moves
away from the c-axis of the crystal. The dots in the plot are the measured values from the
experimental angle-dependent magnetoresistance values and the line is the fit to the Eq. (3.3) using
‘γ’ as the fitting parameter. The data shows excellent agreement with the experimental data, further
confirming the nature of 3D charge conduction behavior. The same analysis is applied at different
temperatures for the sample C and the corresponding data is shown in Figure 3.10(b). The excellent
fitting of the data to the model at all temperatures further confirms the applicability of the scaling
behavior of the angle dependency of the magnetoresistance data in WTe2.
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Figure 3.10: Angle dependence of scaling factor at (a)10K and (b) various temperatures.
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The mass anisotropy factor ‘γ’ has the same value for a single curve for a given temperature
and it varies as the temperature is changed. The mass anisotropy factor ‘γ’ of the system at a
particular temperature can be deduced directly from the above curves and is shown below:
1

𝜀90 = ( 𝑐𝑜𝑠 2 90 + 𝛾 −2 𝑠𝑖𝑛2 90)2
1

𝜀90 = ( 𝛾 −2 )2
𝛾 = 1⁄𝜀90

where 𝜀90 is experimentally obtained scaling value from the R(H,θ) data at a particular
temperature.
The temperature dependency of the mass anisotropy for the sample C is shown in the Figure
3.11. The data shows  is close to 2 at high temperatures (>70K), which is definitely much smaller
than what one would naively expect for a 2D system and increases to a maximum value of 5 as
temperature decreases [21]. It is even smaller than that of graphite (value=12.1) [59,60], and that
(~8) of the well-known 3D high-Tc superconductor YBa2Cu3O7 [62]. However, our results are
consistent with the latest quantum oscillation experiments on WTe2 which reveal a 3D Fermi
surface of moderate anisotropy [21]. The small anisotropy is probably due to the strong coupling
caused by the distortion of the tellurium layers to accommodate the buckled zigzag tungsten chain
[10,23]. Similar results were obtained on sample D (Figure 3.12), where the mass anisotropy ‘’
has a value of 2 above 100K to and increases to a value of 3.5 at 4K as the temperature is decreased.
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The dependency of the mass anisotropy on the temperature for both the samples (sample
C and sample D) shows similar behavior i.e.,‘’ is close to a value of 2 and is constant above 70K
and increases with decreasing temperature to a maximum value of ~5, which can be seen in Figure
3.13. The variation of mass anisotropy with temperature is directly linked to the anisotropy of
Fermi surface and our experimental findings closely match the results of other research groups,
which reveal a moderate anisotropy of 2~3 using ARPES experiments [21,23].
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Figure 3.13: Temperature dependence of mass anisotropy for the samples C and D.
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The main result of the transport properties of WTe2 (sample C) using angle-dependent
magnetoresistance is presented in the main panel of Figure 3.14 is that the temperature dependence
of ‘’, which is derived from the anisotropic magnetoresistance and directly related to the
anisotropy of the Fermi surface, follows that of the MRs: at low temperatures (T < 75 K), both MR
and  increase rapidly with decreasing temperature. At T ≥ 100 K where MR is negligible, 
becomes small and virtually temperature independent. That is, the XMR in our WTe2 crystals is
strongly linked to the electronic structure, more specifically, to the Fermi surface anisotropy,
which can change with temperature due to the thermal expansion of the crystal and/or temperaturedependent electron-phonon coupling [23]. As presented in

Figure 3.14(b), the temperature

dependence of the zero field resistance of our WTe2 crystals indeed shows a transition from linear
behavior originating from the electron-phonon coupling at high temperatures to the +T2
behavior of a Fermi liquid state with dominant electron-electron scattering at low temperatures
[63]. More importantly, the data in Figure 3.14 also clearly show that  starts to increase when the
system enters the Fermi liquid state, enabling us to conclude that the XMR in WTe2 occurs in the
Fermi liquid state and its magnitude is positively correlated with the Fermi surface anisotropy.
Similar results were obtained on the other measured sample D and its results are presented in
Figure 3.15.

3

MR(T)/MR(4K)

5

5

1.0
MR (%x10 )

(a)

0.8
0.6
0.4

4

9T
7T
5T
3T
1T

3
2
1

4

0
0

50

100 150 200

3

T (K)

0.2

2

0.0

Mass anisotropy

55

(b)

Experiment
Fitting

12.0

R ( )

10.0
8.0
6.0
4.0
2.0
0.0

0

50

100

150

200

T (K)
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(a): Temperature dependence of the MR (open symbols) and  (blue solid circles).
(b): Temperature dependence of the zero field resistance (open circles).
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As evidently demonstrated in a wide range of superconductors, the mass anisotropy is the
determining factor for the observed anisotropic properties [58,64]. Thus, we expect that Eq.(3.3)
can be applicable in understanding the magnetoresistance anisotropy in other materials, which is
often presented as R() at a particular magnetic field value H; i. e., the resistance is taken at a
constant magnetic field while rotating the sample with respect to the external magnetic field. For
example, the known Voight-Thomson relation MR = M1(H)cos2 + M2(H)sin2 is a direct outcome
of Eq.(3.3) if the magnetic field dependence of the resistance at  = 0 is quadratic [59].
The MR  (Hcos)1.78 relation for graphite [63] is also approximated by Eq.(3.3) because at  =
0, MR  H1.78 and the anisotropy  (12.1) is large [59,60]. In fact, Eq.(3.3) is the only versatile
way to account for R() since the MR’s magnetic field dependence at  = 0 varies from sample
to sample or even changes with temperature for the same sample. For example, the MR(H) curves
for most XMR materials follow a power law relationship, but the exponent ranges from 1.6-2.5
[6,10,12,21,61]. In some cases, MR(H) cannot be described with a simple function [65]. As
demonstrated in Figures 3.8 and 3.9 for the sample C, in which Bruhn with temperature-dependent
n, Eq. (3.3) can account for R() curves obtained at different temperatures.

.

CHAPTER 4
ORIGIN OF TURN-ON TEMPERATURE
A unique feature in the magnetoresistance of all XMR materials is its transformative ‘turnon’ temperature behavior [10,22]: when the applied magnetic field is above a certain value, the
resistivity versus temperature (T) curve shows a minimum at a field-dependent temperature T*.
At T < T*, the resistivity increases dramatically with decreasing temperature, while at T > T*, it
has a similar metallic temperature dependence as that at zero-field. Such a marked upturn behavior
has been commonly interpreted as a magnetic-field-driven metal-insulator transition [11, 3639,40,41]. However, there is no conclusive evidence that explains this magnetic-field-driven
metal-insulator transition in this system and few reports even questioned such an interpretation
[32,66,]. The following section explains the origin of turn-on temperature behavior and also the
physics behind extreme magnetoresistance in WTe2. The transport properties results demonstrate
that strong temperature dependence of the zero field resistivity, enhanced higher mobilities at low
temperatures, and low concentration of charge carriers strongly affect the MR behavior in this
system. We provide a phenomenological approach to Kohler’s rule scaling, derived from a semiclassic two-band model that could explain the remarkable upturn behavior in the extreme
magnetoresistance observed in WTe2.
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Furthermore, we discuss its universality and applicability to XMR materials with closely
balanced hole and electron densities as well as other systems where one type of charge carrier may
be dominant.
Figure 4.1 shows the typical temperature behavior of our WTe2 crystal (sample A:
exfoliated flake from homegrown crystal). The data on the sample is taken in a typical

four-

probe configuration to eliminate any contact resistance issues. A constant current is sent through
the outer probes and the voltage difference between the inner probes gives the voltage drop across
the crystal. The ratio of voltage over current gives the resistance of the sample at various measured
temperatures and magnetic fields. All through the experiment, a constant current is sent along the
a-axis of the crystal, and the magnetic field is applied in a plane perpendicular to the current
direction and parallel to the c-axis of the crystal. In order to accurately determine the sample
temperatures, the resistivity versus temperature ρ(T) curves at various magnetic fields were
constructed by measuring ρ(H) at various fixed temperatures. The data shows in the absence of an
external magnetic field, the resistivity decreases monotonically with temperature. At low magnetic
fields (≤ 0.5T) the temperature behavior remains metallic throughout the entire temperature range.
When the magnetic field is ramped to 1T and above, a turn-on behavior occurs, whereby at low
temperatures the resistivity increases with decreasing temperature, resulting in a resistivity
minimum at T*( denoted by red solid dots in the Figure 4.1).
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Figure 4.1: Temperature dependence of the resistivity of sample A in various magnetic fields.

The combined temperature and magnetic field dependence of the WTe2 crystal is clearly
depicted three-dimensional plot (Figure 4.2). The plot reveals characteristic features of WTe2
transport properties:


The sample shows clear metallic behavior at zero field, resistance decreasing with
decreasing temperature.



The magnetoresistance behavior is stronger at low temperature and its effects
decrease as temperature increases.



Clear turn-on temperature behavior occurs when magnetic field is applied
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perpendicular to the individual layers (ab-axis) and this turn-on temperature
behavior is field dependent.

Figure 4.2: 3D plot showing resistance versus temperature and magnetic fields of WTe2.
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Intuitively, such a temperature behavior can be a direct consequence of a metal-insulator
transition. In analogy with the phenomenon of dynamical chiral symmetry breaking in the
relativistic theories of the (2+1)-dimensional Dirac fermions, Khveshchenko [40] predicted that
an external magnetic field can open an excitonic gap in the linear spectrum of the

Coulomb-

interacting quasi-particles in graphite. Consequently, the temperature at which the gap becomes
zero follows a relationship of T* ~ H1/2, which can account for the experimental finding of T* ~
(H-Hc) with   1/2 in both graphite and bismuth, apart from the offset field Hc [40,41]. Although
there is no quantitative analysis on the T*(H) [10,22,37], the turn-on behavior in WTe2 has also
been interpreted as a metal-insulator transition [36-38].
As shown in Figure 4.3(a), for our WTe2 crystal in various fixed perpendicular magnetic
fields, the MR’s increase monotonically with decreasing temperature. Although the MR does
increase faster at temperatures below T*, no radical changing feature such as a step from a possible
gap opening can be identified at T* in the MR(T) curves. As plotted in Figure 4.3(b), the MR
curves obtained at different magnetic fields can in fact overlap each other if they are normalized
with the values at 5K. That is, the MRs at different magnetic fields have the same temperature
dependence, differing from the expected behavior induced by excitonic gaps that should result in
a faster change rate at a higher magnetic field. This implies that a metal-insulator transition is not
the origin of the turn-on temperature behavior in our WTe2 crystals.
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On the other hand, as presented in Figure 4.4, all the temperature dependence of the
resistivity data at various magnetic fields (open symbols) can be scaled onto a straight line when
plotted as MR ~ H/0. That is, the temperature dependence of the magnetoresistance of this sample
follows the Kohler’s rule:
𝑀𝑅 = 𝛼(𝐻⁄𝜌0 )𝑚
with  [= 25 (cm/T)]1.92 and m [= 1.92] being constants.

(4.1)
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In order to showcase how Eq. (4.1) can lead to the remarked turn-on behavior in the
resistivity data of the sample A (shown in Figure 4.1), we re-plot the 0T and 6T resistivities as
well as their difference

xx = xx(T,6T) - xx(T,0T) in Figure 4.5. It clearly shows that the

resistivity of a sample in a magnetic field consists of two components, i.e., 0 and xx, with
opposite temperature dependencies. In fact, Eq.(4.1) can be re-written as

𝑚

𝜌𝑥𝑥 (𝑇, 𝐻) = (𝛼 𝐻 ⁄𝜌 𝑚−1 ) + ( 𝜌0 )
0

(4.2)
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Figure 4.5: Temperature dependence of resistivities at 0T and 6T and their differences.

The first term is the magnetic-field-induced resistivity xx, which is inversely
proportional to 1/0 (when m = 2) and competes with the second term when temperature is changed,
resulting in a possible minimum at T* in the temperature dependence of the total resistivity. The
magnetic-field-induced resistivity increases with increasing applied magnetic field and always
competes with the zero field resistivity producing a minimum in the resistivity. And thus strong
temperature dependence of zero field resistivity is responsible for the upturn behavior observed in
WTe2.

66

In fact, we can conveniently derive the T*(H) by differentiating Eq. (4.2):
𝑑𝜌𝑥𝑥 (𝑇, 𝐻)
=0
𝑑𝑇
−𝛼𝐻 𝑚 (𝑚 − 1)𝜌0 −(𝑚−1)−1

𝑑𝜌0 𝑑𝜌0
+
= 0
𝑑𝑇
𝑑𝑇

𝑑𝜌0
𝛼𝐻 𝑚
(− 𝑚 (𝑚 − 1) + 1) = 0
𝑑𝑇
𝜌0
𝛼𝐻 𝑚
− 𝑚 (𝑚 − 1) + 1 = 0
𝜌0
𝛼𝐻 𝑚
1 = 𝑚 (𝑚 − 1)
𝜌0
𝜌0 𝑚 = 𝛼𝐻 𝑚 (𝑚 − 1)

1⁄
𝑚

𝜌0 (𝑇 ∗ ) = 𝐻[𝛼(𝑚 − 1)]

(4.3)

The above relation correctly predicts the occurrence of upturn behavior in the resistivity data in
the presence of the applied magnetic field. As given in Figure 4.6 for our WTe2 crystal (sample
A), this relation (red solid line) correctly describes the experimental data (red open circles) of the
resistive minimum point. The data and the fit in Figure 4.6 also indicate the existence of a critical
magnetic field beyond which a resistivity minimum can occur.
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Figure 4.6: Magnetic field dependence of T* for sample A.

In fact, the T*(H) relation in our samples can also be described as T* ~ (H-Hc)1/2 (see blue
circles in Figure 4.7 for the data of sample A), consistent with those observed in graphite and
bismuth [40]. The physics behind it is simple: the resistivity minima occur in the Fermi liquid state
in which the temperature dependence of the zero field resistivity follows 0 = A+BT2.
In that case, we have T* ~ (H-Hc)1/2, with Hc being critical field.
−1⁄
𝑚

From Eq(4.3), we have 𝐻𝑐 = 𝐴[𝛼(𝑚 − 1)]
𝐹𝑜𝑟 𝑚 ≈ 2,

𝐻𝑐 =

𝐴
𝛼 1/2

(4.4)
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Figure 4.7: Magnetic field dependence of T* for sample A.

The above equation derived from simple temperature dependence of zero field resistivity
is used for finding the critical field required to produce the upturn behavior in the resistivity data.
For a quick estimate, if we replace A with the resistivity value (≈ 2.7 cm) obtained at lowest
temperatures in zero field from Figure 4.1, resulting in Hc ≈ 0.52 T, which is consistent with the
experimental observation of the absence of a minimum at 0.5 T in Figure 4.1 and Hc = 0.5 T
revealed by fitting the data (open blue circles) in Figure 4.7 using T* ~ (H-Hc)1/2 (dashed blue
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line). Remarkably, Eq. (4.2) predicts an extremely simple temperature dependence for the
resistivity * at the minimum of the xx(T,H) curve:

* = [1+(m-1)-1]0
i.e., * 0

(4.5)

since mas presented by the blue dashed line in Figure 4.8.
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Figure 4.8: Temperature dependence of minimum resistivities.

The blue dashed line in the Figure 4.8 exactly coincides with the turn-on temperature point
in the resistivity data. The simple relation derived from the fact that strong temperature dependence
of zero field resistance is astonishing itself in predicting the minimum resistivity point in the
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transport properties of WTe2. That is, Eq.(4.2) can quantitatively predict the temperature
dependence of the magnetoresistance, including the resistivity minima and the astonishing upturn
at low temperatures in WTe2, excluding the possible existence of a metal-insulator transition.

Kohler’s Rule from Two Band Model
Originally, the Kohler’s rule was developed to account for the magnetoresistance in metals,
in which the magnitude of the magnetic field in theoretical derivation occurs always in the
combination of Hwhere is relaxation time and is related to the resistivity 0 through
𝑚∗
𝜌0 =
𝑛𝑒 𝑒 2 𝜏

(4.6)

with m* and ne being the effective mass and density of conduction electrons, respectively.
Since m* is typically assumed to be temperature independent, Kohler’s rule will be valid
if the density ne is a constant. Kohler’s rule plots in XMR materials showed both agreements
[12,55,69,70] and disparity [36,55,70]. In order to understand the magnetoresistance in graphite
[71], which is believed to have both electrons and holes as charge carriers, the Kohler’s rule was
generalized to be
MR = f[*H]
where * = (eh)1/2 is the geometric mean of the electron (e) and hole (h) mobilities [71].
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This modified form is based on the fact that if Kohler’s rule is applicable, then the
temperature-dependent changes in the magnetoresistance are due entirely to the variation of
mobilities [71].
MR = [*H]2 = ehH2
MR can be conveniently obtained from a two-band model if the densities of the electron
(ne) and hole (nh) are equal [42,71]. In the two-band model, the complex resistivity is given as

𝜌(𝑇, 𝐻) =

1 + 𝜇𝑒 𝜇𝑒 𝐻 2 + 𝑖(𝜇ℎ − 𝜇𝑒 )𝐻
𝑒[𝑛𝑒 𝜇𝑒 + 𝑛ℎ 𝜇ℎ + 𝑖(𝑛𝑒 − 𝑛ℎ )𝜇𝑒 𝜇ℎ 𝐻]

(4.7)

The experimental resistivity xx is given by the real part of Eq. (4.7). When ne = nh = n, the third
term in the denominator vanishes and we get

𝜌𝑥𝑥 (𝑇, 𝐻) =

1 + 𝜇 𝑒 𝜇𝑒 𝐻 2
𝑒[𝑛𝑒 𝜇𝑒 + 𝑛ℎ 𝜇ℎ ]

1
𝜇𝑒 𝜇𝑒 𝐻 2
𝜌𝑥𝑥 (𝑇, 𝐻) =
+
𝑒[𝑛𝑒 𝜇𝑒 + 𝑛ℎ 𝜇ℎ ] 𝑒[𝑛𝑒 𝜇𝑒 + 𝑛ℎ 𝜇ℎ ]
𝜌𝑥𝑥 (𝑇, 𝐻) = 𝜌𝑥𝑥 (𝑇, 0) + 𝜌𝑥𝑥 (𝑇, 0)𝜇𝑒 𝜇𝑒 𝐻 2
𝜌𝑥𝑥 (𝑇, 𝐻) − 𝜌𝑥𝑥 (𝑇, 0) = 𝜌𝑥𝑥 (𝑇, 0)𝜇𝑒 𝜇𝑒 𝐻 2
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𝜌𝑥𝑥 (𝑇, 𝐻) − 𝜌𝑥𝑥 (𝑇, 0)
= 𝜇𝑒 𝜇𝑒 𝐻 2
𝜌𝑥𝑥 (𝑇, 0)

𝑀𝑅(𝑇, 𝐻) = 𝜇𝑒 𝜇𝑒 𝐻 2

𝐹𝑟𝑜𝑚

𝜌𝑥𝑥 (𝑇, 0) =

(4.8)

1
, 𝑝𝑢𝑡 𝑛𝑒 = 𝑛ℎ = 𝑛
𝑒[𝑛𝑒 𝜇𝑒 + 𝑛ℎ 𝜇ℎ ]

𝑊𝑒 ℎ𝑎𝑣𝑒,

𝜌0 =

𝐿𝑒𝑡 𝜅 =

1
𝑒𝑛[𝜇𝑒 + 𝜇ℎ ]
𝜇ℎ
𝜇𝑒

𝜌0 =

1
𝑒𝑛𝜇𝑒 [1 + 𝜅]

𝜇𝑒 =

1
𝑒𝑛[1 + 𝜅]𝜌0

𝐹𝑟𝑜𝑚 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (4.8)

𝑀𝑅(𝑇, 𝐻) = 𝜇𝑒 𝜇ℎ 𝐻 2

𝑀𝑅(𝑇, 𝐻) = 𝜅𝜇𝑒 2 𝐻 2

𝑀𝑅(𝑇, 𝐻) = 𝜅 [

2
1
𝐻
] ( )2
𝑒𝑛[1 + 𝜅] 𝜌0

2
1
𝐿𝑒𝑡 𝛼 = 𝜅 [
]
𝑒𝑛[1 + 𝜅]
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𝐻 2
𝑀𝑅(𝑇, 𝐻) = 𝛼 ( )
𝜌0

𝐼𝑛 𝑔𝑒𝑛𝑒𝑟𝑎𝑙

𝐻 𝑚
𝑀𝑅(𝑇, 𝐻) = 𝛼 ( )
𝜌0

(4.9)

`
That is, Eq. (4.9) can be directly derived from the two-band model for the case of perfectly
compensated charge carriers. The fact that  is a constant in our sample indicates that both the
density n and mobility ratio  are temperature insensitive.
The derived form of the Kohler’s rule indicates that the temperature dependence of the
measured resistivity in a fixed magnetic field is solely determined by 0(T) because α and m are
temperature insensitive. Since 0(T) is inversely proportional to temperature dependence of
mobilities μe,h(T), Eq(4.2) also reveals that the turn-on behavior in XMR materials originates from
the strong temperature dependence of the high mobilities of the charge carriers.
We used this derived Kohler’s rule to fit the magnetic field dependence of the resistivity
for sample A at various temperatures. Figure 4.9(a) shows the experimental measured resistivity
data of the sample A at different constant temperatures 10K to 200K by sweeping the magnetic
field from 0T to 9T perpendicular to the ab-axis of the sample. The plot shows typical WTe2
behavior of non-saturating increasing resistivity with increasing magnetic fields and the amount
of induced magnetoresistance decreases as temperature increases. The modified Kohler’s rule

74

excellently fits the magnetoresistance data at all temperatures with the same fitting parameters

 [= 25 (cm/T)]1.92 and m [= 1.92] as shown in Figure 4.9(b). Thus, this simple expression in
Eq. (4.2), which is the modified Kohler’s rule, is successful in explaining the magnetic field
dependence of the resistivity in the WTe2.
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Figure 4.9: MR(a) and Kohler’s rule(b) fit to MR for sample A.

Furthermore, to check the applicability of the modified Kohler’s rule to the temperature
dependence of the magnetoresistance on the other sample B (bulk: homegrown crystal), we did the
same analysis and the results are presented below (Figure 4.10).
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Figure 4.10: MR(a) and Kohler’s rule(b) fit to MR for sample B.

76

As this is a homegrown bulk crystal, its quality is higher than the commercial crystals we
brought from the HQgraphene. The inset in the Figure 4.10(a) shows the quantum oscillations in
R(H) curve at 2K, indicating the high quality of the crystal. The amount of XMR in WTe 2 is
dependent on the crystal quality. The larger the RRR value, the higher is the MR in this material
[22]. Figure 4.10(a) shows the temperature dependence of the resistivity at various perpendicular
magnetic fields and the red dots show the turn-on temperature points. The red dashed line shows
the derived minimum resistive point through our analysis based on the strong zero field
temperature dependence of the resistivity. The scaling of the magnetoresistance data is shown in
the Figure 4.10(b), where the open symbols are the experimental data and the solid red line
represents a fit to the modified Kohler’s rule MR= α (H/ρ0)m with α= 85[µΩcm/T]1.9 and m=1.9.
The excellent agreement of the MR data and the fit to all the measured samples shows that the
modified Kohler’s rule can sufficiently explain the transport properties of WTe2.
Although Kohler’s rule is phenomenological, Eq. (4.1) with m = 2, i.e., MR ∼ (H/ρ0)2 can
be derived from a two-band model for perfectly compensated systems [42]. In WTe2, the densities
of electrons and holes are believed to be perfectly compensated [10,22]. However, the exponent m
in Eq. (4.1) is not precisely 2 and there exists detectable disparities between the experimental data
at low temperatures and the fits to Eq. (4.1) as shown in the Figure. 4.11 (solid lines are the fits to
the MR using modified Kohler’s rule). Besides experimental errors and possible electronic
structure changes at low temperatures [23,55,68,72], such a misfit, though not very significant,
may indicate that the densities of the two types of charge carriers are not precisely equal.
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Fig 4.11: Modified Kohler’s rule fit to the measured MR.

For a perfectly compensated system, hall resistivity should be linear with the applied
magnetic field and any deviation from linearity hints at the presence of more than one type of
charge carrier. In fact, as shown in Figure 4.12, for sample A, hall resistivity ρxy(H) measured on
the sample A also deviates from a perfect linear behavior (green line is a guideline), revealing that
ne ≠ nh, i.e., the third term in the denominator of Eq. (4.7), cannot be completely neglected.
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Figure 4.12: Direct fits to the two-band model for both ρxx and ρxy resistivities of sample A.

The charge densities of the carriers are extracted from the experimental measured
resistivity ρxx(H) and hall resistivity data ρxy(H) by simultaneously fitting the data with Eq. (4.7).
The extracted charge densities ne and nh do not change significantly with temperature and have
values of (4.6–6) × 1025 m3 as shown in the Figure 4.13. The densities of the electrons and holes
differ by ∼2%–9%, depending on the temperature. The values are consistent with those derived
from quantum oscillation measurements, which give ne = 6.64×1025 m3 and nh = 6.9×1025 m3
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at 0.59 K [21]. These results also indicate that the electronic structure changes revealed by MR
anisotropy and angle-resolved photoemission spectroscopy (ARPES) measurements [23] do not
significantly modify either the temperature dependence or the absolute values of the carrier
densities, although a slight abnormality is observed at ∼70 K.
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Figure 4.13: Derived densities of electrons and holes using the two-band model.

The above discussion indicates that Eq. (4.2) can also account for the temperature and
magnetic field dependencies of the resistivity for systems with imperfect compensation of the
electron and hole densities. That is, Eq. (4.2) can fit the experimental data with negligible
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deviations if the first two terms in the denominator in Eq. (4.7) dominate. Since the third term in
the denominator of Eq. (4.7) contains the product (μeμh) of the two mobilities μe and μh, its value
should decrease faster than the first two terms with decreasing mobilities. Thus Eq. (4.2) will be
applicable for systems with a large difference in densities of electrons and holes, if either or both
of the mobilities are small. In this case, we can generalize the ρxx(T,0) and α to be

𝜌𝑥𝑥 (𝑇, 0) =

1
[𝑒𝜇𝑒 (𝑛𝑒 + 𝜅𝑛ℎ )]

𝛼 = 𝜅[𝑒(𝑛𝑒 + 𝜅𝑛ℎ )]−2

The applicability of Eq.(4.2) to non-compensated systems with low mobilities extends the
importance of this work beyond understanding the magnetoresistance in XMR materials. Eq. (4.3)
also enables us to shed light on the magnetoresistance observed in non-XMR materials, which
have mobilities [73] typically orders of magnitudes smaller than those in XMR materials. For
example, the magnetoresistance in the normal state of cuprate superconductors was found to be
only a few percentages at magnetic fields up to 30T and follows MR = H2, with  ∝ T−4 [47].
Without getting into details on possible bands of the charge carriers, [47] Chan et al. elucidate such
temperature and magnetic field dependencies with the Kohler’s rule, i.e., MR = f[H/0] ∝ [H/0)]2
and 0 ∝ T2 for the Fermi liquid normal state. Clearly, these MR behaviors are direct outcomes of
Eq.(4.2), revealing the two-band nature of the charge carriers in cuprate superconductors in which
the densities of holes and electrons can be controlled by doping [47,74].

81

Charge Densities and XMR

In XMR materials, the densities of the electrons (ne) and holes (nh) are believed to be close
[75,76,77] or even perfectly compensated [10]. Thus, the modified Kohler’s rule, derived from the
two-band model, provides a useful way to determine the mean mobility [45,71]. It also clearly
states that the XMR effect should originate from the high mobilities of the charge carriers. Since
the mobilities are not directly measurable parameters, the Kohler’s rule has not been widely used
in quantitative analysis of the experimental data xx(T,H). On the other hand, Eq. (4.2) (and
Eq.(4.4)) utilizes the experimentally determined xx(T,0) to understand the temperature
dependence of the magnetoresistance as well as the magnetic field dependence. This indicates that
once the (T,0) is known (measured directly),  is the key factor determining the amplitude of the
magnetoresistance.
MR = (H/0)m
and 𝛼 =

𝜅
[𝑛𝑒(1+𝜅)]2

In the above equation the constant ‘α’ is primarily dependent on the density of charge
carriers ‘n’, as ‘e’ and ‘κ’ are charge of the electron and ratio of mobilities of charge carriers
respectively, which are constants. If the density of the charge carriers is small, 𝛼 is large and the
observed XMR would be large, as is the case in WTe2 and other XMR materials [32,75-78].
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Also from the fact that the critical field required to obtain turn-on behavior is also
dependent on the constant factor ′𝛼′, through the simple relation
𝐻𝑐 =

𝐴
𝛼 1/2

stipulates another necessary condition essential for the observance of XMR in these materials; i.e.,
the material should possess low density of carriers to have high magnetoresistance.

Together with the large residual resistance A and small value of 𝛼 (≈large charge densities),
it can result in a large Hc (≈ A/1/2 in the Fermi liquid state) exceeding the magnetic fields available
in a typical laboratory or a small T* [~ (H-Hc)1/2] that is beyond the experimentally accessible
temperature range [70]. In Figure 4.14 we present the calculated xx(T,H) curves using xx(T,0)
and m of sample A while changing the value of  to demonstrate that the same Kohler’s rule can
lead to different temperature behavior. It indicates that in our experimentally accessible magnetic
field of 9T, no turn-on behavior can be observed if  = 0.15 (cm/T)1.92. Figure 4.15 shows that
the turn-on temperature behavior occurs only at H >2 T when the  value is changed to a small
value of 2.5 (cm/T)1.92 for the same sample A.
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Figure 4.14: Simulated temperature behavior of total resistivity curves at 9T magnetic field and
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These two plots convey the significance of the constant value  , which is directly related
to the charge carrier concentration. Eq. (4.2) also implies that Kohler’s rule will be violated if  is
temperature dependent. In this case one can obtain information on the temperature dependence of
the charge carrier densities from Eq. (4.3) (using m = 2) with the measured xx(T,H) through

𝛼=

𝜌𝑥𝑥 (𝑇, 0)∆𝜌𝑥𝑥 (𝑇, 0)⁄
𝐻2

Motilities and XMR
The mobilities of the charge carriers also play a crucial role in determining the XMR of the
material. The materials which possess XMR discovered so far have high mobilities [76-78]. In
simple terms, the higher mobilities in WTe2 come from a very large residual resistance ratio (RRR,
defined as ratio of resistances at 300K to 0K) value of the crystal indicating the presence of a very
small number of defects, thereby reducing the probability of any type of scattering or impurity
effects that hinder the observance of large orbital magnetoresistance. WTe2 is prone to disorder
due to large and complex unit cell, yet they have some of the smallest residual resistivity known
to metals and the source of such small 𝜌0 (high mobility) is not clear [78]. The mobilities of the
charge carriers in our measured samples are extracted by fitting the measured resistivity to the
two-band model complex resistivity equation (Figure 4.16).
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𝜌(𝑇, 𝐻) =

1 + 𝜇𝑒 𝜇𝑒 𝐻 2 + 𝑖(𝜇ℎ − 𝜇𝑒 )𝐻
𝑒[𝑛𝑒 𝜇𝑒 + 𝑛ℎ 𝜇ℎ + 𝑖(𝑛𝑒 − 𝑛ℎ )𝜇𝑒 𝜇ℎ 𝐻]

The electron and hole mobilities show a constant value of 0.1 m2V-1s-1 at temperature above
70K and increases to a value of 3.5m2V-1s-1 and 0.69m2V-1s-1 respectively as temperature is
lowered. This dramatic increase in the value of mobilities is due to the absence of
electron-phonon coupling at low temperatures when the system enters the Fermi liquid state.
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Figure 4.16: Derived mobilities of the charge carriers from the two-band model.
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The relation between the magnetoresistance and the mobility of the charge carriers can be
understood using the equation:

𝑀𝑅(𝑇, 𝐻) =

𝜌𝑥𝑥 (𝑇, 𝐻) − 𝜌𝑥𝑥 (𝑇, 0)
= 𝜇𝑒 𝜇𝑒 𝐻 2
𝜌𝑥𝑥 (𝑇, 0)

All the temperature variation in the magnetoresistance are directly due to the temperature
variations of the mobility of the charge carriers in the system as the applied field would be
independent of the temperature. Understanding the dependency of the temperature on the mobility
of the charge carriers is important in elucidating the nature of the extreme magnetoresistance.
Also, from the simple relation between the resistivity and the mobility 𝜌0 = 1/𝑛𝑒𝜇, the
strong temperature-dependent mobility greatly affects the zero field resistivity which in turn is
responsible for the resistive minimum and the observed high magnetoresistance in WTe2.The
correlation of strong temperature dependency of the mobility and the observed magnetoresistance
in WTe2 can be seen in the Figure 4.17. The plot to the left shows the magnetoresistance versus
temperature at different constant perpendicular magnetic fields and the plot to the right shows the
evolution of mobilities of the charge carriers in the same temperature range.
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Figure 4.17: Correlation of MR and mobilities.

The increasing trend in the mobilities correctly resonates with the observed increase in the
magnetoresistance as both of them start to increase to higher value once the temperature gets below
70K. This is the region where the zero field resistivity undergoes a transition from linear behavior
originating from the electron-phonon coupling at high temperatures to the α+βT2 behavior of a
Fermi liquid state with dominant electron-electron scattering at low temperatures as shown in the
inset of the Figure 4.17. These results henceforth put another necessary condition of high mobility
value of charge carriers to observe large magnetoresistance in WTe2.

CHAPTER 5

WTe2 GATING

The perfect electron and hole compensation present in WTe2 is one of the reasons for the
observed unsaturated XMR behavior. Any deviations from this perfect resonance will yield to
field-independent saturated value of the magnetoresistance. The shift in the perfect resonance of
the charge carriers can be achieved by doping the material. The doping can be done in two ways,
chemical or field effect gating methods. Chemical doping method involves adding foreign
elements into the host system to change the stoichiometric ratios of individual constituent
elements, thus changing the charge carrier concentrations. This method of doping is irreversible.
On the other hand, field effect gating method involves changing the density of charge carriers by
applying an external electric field. This method of doping system is reversible and offers unique
advantage of changing the material properties dynamically to suit the research requirements and
practical applications. Field effect gating methods are traditionally applied to semiconductor
silicon-based devices [79] and recently applied to layered materials [53]. The application of field
effect gating method to layered materials is due to the ease of formation of atomic thin layers (or
even monolayer of the atom) using the simple exfoliation technique. WTe2 being a layered material
can be cleaved to thin layers for the experimental realization of the electric field gating experiments
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and its transport properties can be studied by systematically varying the charge density. H. Y. Lv
et al. [80] recently reported that WTe2 preserves the same semimetallic properties as the bulk, with
equal electron and hole concentrations at the ultimate monolayer and bilayer limit using the firstprinciples calculations. These theoretical calculations results are very promising for the practical
realization of WTe2-based nanostructure devices in modern electronic and magnetic industry.
The transport measurements were performed on a 20nm thin WTe2 flake (sample E) to
study the effects of perfect electron hole compensation on its magnetoresistance properties.
Samples are fabricated using the same procedure described in the methodology (Chapter 2) section
of this dissertation. The yield of thin flakes (< 20nm) after the exfoliation is less when compared
to thick flakes (~100nm). They also appears on very small length scales (< 10µ). The optical image
of a 20nm exfoliated WTe2 flake is shown in Figure 5.1.

Figure 5.1: Optical image of a 20nm WTe2 flake (light green color flake in the image).
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The thickness of the sample is measured using the XEE HDD scanning probe microscope
and the electrical contacts to the sample are achieved using the Raith 150 e-beam lithography tool.
The field effect gating experiments are performed in a modified Quantum Design PPMS system,
where external gate voltage is applied using a Keithley 2400-C source meter. The final image of
the sample after the fabrication is shown in Figure 5.2.

Figure 5.2: Optical image of a sample E (20nm thick flake).
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The sample E is characterized for its magneto-transport behavior and it shows properties
similar to that of bulk sample: (a) zero field metallic resistive behavior, upturn resistive behavior
in presence of perpendicular magnetic fields; (b) magnetoresistance increases as the square of the
applied magnetic field, amount of magnetic-field-induced resistance decreases as temperature
increases; and (c) the magnetoresistance follows the power law behavior. All the corresponding
plots are shown in the Figure 5.3. However, the magnetoresistance found in sample E is less than
the value found in bulk samples and this suppression is due to the decrease of mobility values and
increased disorder due to surface degradation in thinner WTe2 flakes [81]. As the crystal thickness
becomes smaller, the mean free path and the scattering at the surface becomes relevant, affecting
the mobility of the charge carriers.
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Figure 5.3: Characterization of sample E.
(a): Resistance versus temperature R(T) curves at various magnetic fields.
(b): Resistance versus magnetic field R(H) at various temperatures.
(c): Magnetoresistance versus magnetic fields curves MR(H) in a log-log plot.
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The angle-dependent magnetic field data reveals the three-dimensional (3D) charge
conduction behavior and the representative plots at two different temperatures 5K and 50K are
shown in Figure 5.4.
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Figure 5.4: R(H) curves of sample E at various angle θ obtained at (a)5K and (b)50K.

93

The field effect gating enables us to tune the absolute and relative densities of electrons
and holes in WTe2 thin flakes. By applying a voltage between WTe2 and back-gated electrode
silicon, one can induce a surplus of electrons or holes in WTe2. The relationship between the
applied voltage and the number of charge carriers induced can be derived from a capacitance
formula:

𝑉𝑔 =

𝑛. 𝑒
𝑐

(5.1)

Here Vg is the external applied voltage, n is the carrier concentration, c is the capacitance per unit
area between the WTe2 sample surface and the back electrode, and e is the charge of the electron.
The capacitance can be estimated from the geometrical considerations:

𝑐=

𝜀0 × 𝜀𝑟
𝑑

(5.2)

where 𝜀0 ≈ 1.854 × 10-12 F/m is the vacuum permittivity, 𝜀𝑟 is the dielectric constant of the
insulator that separates WTe2 sample from the gate and 𝑑 is the distance between WTe2 and
silicon. For typical values, 𝜀𝑆𝑖𝑂2 = 3.9 and d ≈ 300nm, we obtain a value of 𝑐 = 115 × aF /(µm)2.
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= 7 × 1010 cm-2

Given this value of the capacitance, applying 1V of gate voltage will introduce
carriers in the WTe2 sample.

Figure 5.5 shows the results of gating on sample E at 10K. The gate voltage is varied from
+80V to -80V while continuously monitoring the change in the resistance of the sample.
Application of positive voltage induces electrons and negative voltage induces holes into the WTe2
sample. The red and the blue curves correspond to the data taken on sweeping the gate voltage in
opposite directions, as indicated by the arrows of the corresponding color, and illustrate the
reproducibility of the measurements.
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Figure 5.5: Gating results of sample E at 10K at 0T.
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A minimal change in the resistance of the sample with applied gate voltage is observed.
The gating results presented above clearly show the presence of two types of charge carriers, with
electrons having higher mobility than holes. The same gating sequence is applied to the sample E
in the presence of magnetic field to see the change in the magnetoresistance and its results, are
presented below in Figure 5.6.
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Figure 5.6: Gating results of sample E at 10K at 9T.

The resistance of the sample shows a maximum value close to zero applied volts, revealing
the fact that magnetoresistance of the sample is maximum when n ≈ p and it decreases to a slight
lesser value with increased applied back-gated voltage. The simple result clearly outlines the
importance of charge balance condition necessary to observe the high magnetoresistance values in
XMR materials. This result is the first experimental verification of the fact that charge
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compensation leads to increased magnetoresistance values. The decrease in the resistance of the
sample at applied back-gated voltages is due to the increase of induced charge carrier
concentrations. Recently Flynn et al. have reported that by isovalent and aliovalent doping the
WTe2 crystal they have observed a similar decreasing trend of magnetoresistance [82, 83].

As the magnetoresistance of the material is defined as the ratio of the difference in induced
magnetoresistance over zero field resistance, we define the magnetoresistance of gated WTe2
sample as following:

𝑀𝑅 =

𝑅(𝑉𝑔 , 𝐻) − 𝑅(𝑉𝑔 , 0)
𝑅(0,0)

(5.3)

where MR is the magnetoresistance; 𝑅(𝑉𝑔 , 𝐻) is the resistance at a particular gate voltage (𝑉𝑔 ) and
magnetic field (𝐻); 𝑅(𝑉𝑔 , 0) is the resistance at the same gate voltage (𝑉𝑔 ) and zero magnetic field;
and 𝑅(0,0) is the resistance at zero gate voltage and zero field.

The corresponding magnetoresistance plot of the sample E at 10K and 9T is shown in
Figure 5.7.
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Figure 5.7: MR of sample E at 10K at 9T.

The same experimental procedure is repeated at different temperatures and the normalized
magnetoresistance curves versus back-gated voltage can be seen in Figure 5.8. The 3D plot reveals
that the normalized magnetoresistance of the sample E is maximum near the zero back gate
voltage, where the condition n ≈ p is satisfied. The measured magnetoresistance varies slightly
within a permissible range of 1-3 % of the maximum value at all measured temperatures and backgated voltages. The large MR in WTe2 persists even when the electrons and holes are not
compensated as determined by the back gating effect, which suggests that perfect electron hole
compensation is not necessary for the XMR in WTe2
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Figure 5.8: Normalized MR of sample E at different temperatures.

.

CHAPTER 6

CONCLUSIONS
The research in this dissertation revealed many interesting properties of WTe2 that have a
profound impact in understanding the nature of charge carriers and transport mechanism. The
anisotropy in WTe2 is studied systematically by varying the applied magnetic field angle with
respect to the c-axis of the crystal, which reveals the three-dimensional charge conduction behavior
with a small temperature-dependent mass anisotropy. The anisotropy is quite small considering
the layered structure of WTe2 but has a strong influence on the magneto-transport properties of
WTe2. The experimentally deduced mass anisotropy is temperature dependent and has a constant
value of 2 at temperatures above 70K and reaches a maximum value of 5 as temperature is lowered
and follows the magnetoresistance behavior of the Fermi liquid state.
The discovery of the small value of mass anisotropy that is primarily dependent on the
temperature in WTe2 will have a significant impact in the electronic band structure calculations
and other experiments like quantum oscillations (sdH oscillations: used to measure the effective
mass of charge carriers and to detect the presence of majority and minority carriers present in the
material), and ARPES (used to measure the density of charge carriers) that are used to probe the
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Fermi surface, as these do not include temperature effects and are generally done at constant
temperatures.
The magnetoresistance of WTe2 follows a 3D scaling behavior R(H,θ)= R(εθH) with

εθ=

(cos2θ + γ-2 sin2θ)1/2. The scaling behavior further confirms 3D electronic nature of charge
transport. The analysis of the anisotropical magnetoresistance in WTe2 reveals the existence of 3D
Fermi surface with moderate anisotropy that is confirmed by many other research groups [21,23].
The 3D charge conduction behavior in WTe2 reveals a rare case of charge conduction between
weakly bound layers, that are previously considered to be mechanical in nature and have little or
no effect on the transport properties of the material. The general scaling approach for the
anisotropic magnetoresistance can be accounted by the angle dependence of the magnetoresistance
in WTe2 and can be applied to many other systems where various models have been proposed and
different fitting formulas are applied.
The experimental results also clarify that the charge compensation (equal number of
electrons and holes) is not the governing factor needed to observe the extreme large
magnetoresistance (XMR) in a material. The material should possess the following three
conditions to observe extreme magnetoresistance:
1. Charge compensation (n ≈ p): This is only a sufficient condition to achieve high
values of the magnetoresistance but not the requirement to observe high MR values.
2. Low density of carriers: The low density of carriers ensures the observance of turnon behavior and XMR at moderate fields and temperatures. Also, presence of small
number of carriers reduces the rates of electron-phonon scattering.
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3. High mobilities of charge carriers: The larger mobilities in semimetals like WTe2
make the charge carriers undergo multiple turns up on the application of the
magnetic field facilitating a much larger increase in the resistance. The zero field
resistance is inversely proportional to the mobility while the magnetic-field induced
resistance is proportional to the mobility, and thus the larger the mobility, the larger
would be the magnetic-field-induced resistance.

The other important finding of the present research is the origin of turn-on temperature
behavior and extreme magnetoresistance (XMR) in WTe2. The research proved that the turn-on
behavior in WTe2 is not due to the magnetic-field-induced metal insulator transition as previously
thought, but it is due to the strong temperature dependence of the zero field resistivity of WTe2.
The resistivity curves with turn-on behavior in WTe2 can be scaled as MR ~ (H/ρ0)m with m ≈ 2
and ρ0 being the zero field resistivity. The scaling approach employed in the dissertation also leads
to a simple quantitative expression for the resistivity ρ* ≈ 2ρ0 at the onset of XMR behavior. The
research also proves that the electronic structure changes revealed by the magnetoresistance
anisotropy and ARPES may not contribute to the turn-on behavior but it is in fact the two
competing components (zero field resistivity and magnetic field induced resistivity) of the total
resistivity that are responsible for the observed transformative turn-on behavior and XMR. The
modified Kohler’s rule derived from two-band model can qualitatively explain the field
dependence of the magnetoresistance data and it is first time ever that the Kohler’s rule is used to
explain the temperature dependence of the resistivity data as well. This modified Kohler’s rule can
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be further used to analyze both the temperature dependence and field dependence of measured
resistance in both XMR and non-XMR materials.
The next step in the research would be to apply our simple analysis to revisit the systems
that show magnetic-field-induced metal-insulator transition and reveal the actual mechanism
responsible for the observed turn-on behavior. Being a layered material WTe2, it can be cleaved to
monolayers to see if the XMR effect still persists at the atomic scale. Also, electric gating effects
can be employed on WTe2 to alter the charge densities and to see the dynamics of
magnetoresistance at different temperatures and magnetic fields.
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